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Abstract 
 
 
The first comprehensive discovery of carbon nanotubes (CNTs) by S. Iijima in 1991 sparked a 
huge scientific interest in investigating its unique structure and attractive properties. A 
multitude of potential applications of CNTs in modern science and technology has been 
envisaged very early after their discovery. While a few applications are realized on a 
commercial scale, many are still constrained to laboratory investigations for a constant 
improvement to meet the service needs. Moreover, some studies are still aimed at further 
understanding the very growth mechanism. 
 The work reported in this thesis deals with two main topics: The first part of the 
thesis was aimed at investigating the influence of various supported catalyst precursors on 
the growth morphology of multiwalled CNTs (MWCNTs) by low-temperature thermal CVD 
(chemical vapour deposition). The results were explained with the help of thermodynamic 
calculations of equilibrium phases formed during the reduction reactions inside the CVD 
reactor. Striking an equilibrium between the respective oxide phase and the metallic phase 
of the active catalyst species forms the basis for a vertically aligned growth of CNTs. A new 
class of supported catalysts based on manganese oxide (MnO) was developed. It has been 
shown that such a method of thermodynamic analysis paves the way for a theoretical 
assessment of CNT growth morphology. Second part of the thesis is devoted to the growth 
and field emission characterization of large-array MWCNTs on diverse substrate materials. 
One of the burgeoning areas of research involves the application of CNTs as electron field 
emitters in x-ray computed tomography or display technologies. Although several research 
groups investigated the field emission behaviour of CNTs on different substrate materials, 
those studies carry at least two important drawbacks:  
Firstly, a vast majority of the publications report the emission characteristics of 
individual CNT or an individual vertically aligned CNT (VACNT) bundle. By measuring so, the 
electric field shielding effects between various CNTs in an array would not be accounted for. 
Therefore, in this work, large-area emitters grown on stainless steel, copper, molybdenum 
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and silicon substrates were subjected to emission measurements under similar pulsed 
operation mode, so that a direct comparison would be possible. Entangled CNTs on stainless 
steel showed a poor emission current density, but a long-term stable emission of 10 mA for 
more than 96 hours (4 days). The emission current density of CNTs on Cu and Mo was 
further low, but the threshold field (ETh) on the former was desirably low (~2 V µm-1). 
Secondly, the existing literature concerning emission characteristics of large-area CNT 
emitters reports either a high emission current density (Jmax) or a good long-term stability, 
but fails to demonstrate both simultaneously. It was shown in this work that VACNTs grown 
on a specific patterned Si substrate displayed an excellent combination of emission current 
density (5.78 A cm-2) along with a long-term stable emission of 40 mA current for ~730 hours 
at 10% duty cycle (effective emission time: 73 hours). Based on these results, a hypothesis 
emphasizing a new parameter, the ratio of the cumulative area of the CNTs to that of the 
substrate (ACNTs/Asubstrate), was put forth to explain the emission efficiency of large-area 
emitters. This hypothesis needs further verification by means of simulations. 
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Kurzfassung 
 
 
Iijimas Publikation über Kohlenstoffnanoröhren (CNT) im Jahre 1991 löste ein großes 
wissenschaftliches Interesse daran aus, die einzigartige Struktur von CNTs und deren 
attraktive Eigenschaften zu untersuchen. Schon kurz nach der Entdeckung von CNTs wurde 
das große Potential von CNTs für die moderne Naturwissenschaft und vielfältige 
Anwendungen erkannt. Einige solcher Anwendungen wurden bereits verwirklicht, viele 
andere sind gegenwärtig noch im Entwicklungstadium. Auch die Wachstumsmechanismen 
von CNTs werden momentan weiter untersucht. 
Die hier vorgelegte Doktorarbeit behandelt zwei Hauptthemen: Der erste Teil widmet 
sich der Untersuchung des Wachstums von mehrwandigen Kohlenstoffnanoröhren 
(MWCNTs) durch thermische chemische Gasphasenabscheidung (CVD) bei niedrigen 
Temperaturen, wobei besonders der Einfluss verschiedener Katalysatormaterialien auf die 
Nanoröhren-Morphologie im Mittelpunkt steht. Die Ergebnisse können erklärt werden mit 
Hilfe von thermodynamischen Berechnungen der Gleichgewichtsphasen, die sich während 
der Reduktionsreaktionen im CVD-Reaktor bilden. Ein Wachstum von senkrecht 
ausgerichteten CNTs hängt ab von einem Gleichgewicht zwischen der Oxidphase und der 
metallischen Phase der aktiven Katalysatorkomponenten. Im Rahmen dieser Arbeit wurde 
eine neue Klasse von Zweikomponenten-Katalysatoren auf der Grundlage von Manganoxid 
(MnO) entwickelt. Es kann gezeigt werden, dass eine thermodynamische Analyse als 
Grundlage für eine theoretische Beurteilung des CNT-Wachstumsmechanismus dienen kann. 
Der zweite Teil der Doktorarbeit ist dem Wachstum von ausgedehnten MWCNT-
Anordnungen sowie der Untersuchung der Feldemissionscharakteristik dieser Proben 
gewidmet, wobei verschiedene Substratmaterialien berücksichtigt wurden. Die Anwendung 
von CNTs als Elektronen-Feldemitter für Computertomographie und für Bildschirme ist ein 
attraktives und wachsendes Forschungsgebiet. Zwar wurde das Feldemissionsverhalten von 
CNTs auf verschiedenen Substraten bereits von mehreren Forschergruppen untersucht, 
jedoch sind mit diesen Studien Unzulänglichkeiten verbunden: 
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Erstens behandelt die Mehrzahl der Publikationen die Emissionscharakteristik von 
individuellen CNTs oder von individuellen senkrecht ausgerichteten CNT-Bündeln. Dabei 
wurden allerdings elektrostatische Abschirmeffekte durch benachbarte CNTs nicht 
berücksichtigt. Daher wurden im Rahmen dieser Arbeit großflächige Emitter auf Edelstahl-, 
Kupfer-, Molybdän- und Siliziumsubstraten hergestellt und hinsichtlich ihrer 
Emissionscharakteristik im gepulsten Regime untersucht, so dass ein direkter Vergleich 
zwischen den Proben auf verschiedenen Substraten möglich ist. Gegenseitig umschlungene 
CNTs auf Edelstahl zeigten eine geringe Emissionsstromdichte, dafür war die Emission jedoch 
langzeitstabil mit 10 mA über mehr als 96 Stunden (vier Tage). Die Emissionsstromdichte von 
CNTs auf Cu und Mo war ebenfalls niedrig, allerdings im Falle von Cu-Substraten verbunden 
mit einem vorteilhaft niedrigen Feldschwellwert (ETh) von etwa 2 V µm-1. Zweitens berichtet 
die vorhandene Literatur über großflächige CNT-Emitter mit einer hohen 
Emissionsstromdichte (Jmax) oder einer guten Langzeitstabilität, beides gleichzeitig wird 
allerdings in diesen Arbeiten nicht gezeigt. In der vorliegenden Arbeit werden senkrecht 
ausgerichtete CNTs auf speziellen strukturierten Si-Substraten vorgestellt, die eine 
ausgezeichnete Kombination von Emissionsstromdichte (5,78 A/cm2) und einem über 
730 Stunden langzeitstabilen Emissionsstrom von 40 mA aufweist, wobei die Arbeitsphase 
10 % und damit die effektive Emissionszeit 73 Stunden beträgt. Auf Grundlage dieser 
Ergebnisse kann ein neuer Erklärungsansatz vorgestellt werden: Das Verhältnis von 
aufsummierter CNT-Fläche zur Substratfläche (ACNTs/Asubstrate) wird als neuer Parameter 
eingeführt und zur Erklärung der Emissionseffizienz von großflächigen Emittern verwendet. 
Diese Arbeitshypothese sollte durch Simulationsrechnungen verifiziert werden. 
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Chapter 1 
 
Introduction 
 
 
Since their inception in 1991, carbon nanotubes (CNTs) have found many applications in the 
modern world, owing to their unique structure and properties [SI-N91]. A broad 
classification of the applications constitutes structural and functional applications. Some of 
the functional applications that are being widely investigated till date are as electrode 
materials in batteries, nano-containers for carrying drugs inside biological systems, in 
microelectronics, as cold (field emission) cathodes in display technologies as well as x-ray 
sources and so on. CNTs are slowly replacing the traditionally used tungsten tips/needles in 
cold cathodes (see Figure 1.1). 
 
 
Figure 1.1: A schematic showing the electron emission process occurring at the tip of a multi-walled 
CNT in the presence of external electric field [BonFE]. 
 
The most striking attributes of CNTs as electron field emitters are: (i) a high aspect 
ratio, leading to an amplification of electric field at the vicinity of the CNT tip, by many 
orders of magnitude larger than the actual applied electric field. CNTs are one of the 
sharpest materials on the planet. The other beneficial properties are their (ii) chemical 
inertness, (iii) good thermal conductivity and (iv) a high mechanical stability. These features 
ensure a superior structural stability of the CNTs, making them even more attractive 
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candidates for field emission applications. However some practical issues such as (i) a non-
homogenous distribution of CNTs on the substrate, (ii) a low degree of vertical orientation, 
(iii) substrate effects (such as contact resistance, poor thermal conductivity etc) of the 
substrate and so on hamper the performance of vertically aligned CNTs (VACNTs). Among 
these, one of the most important factors, namely ‘field shielding effect’, significantly affects 
the performance of a large-area CNT field emitter. A large-area emitter constitutes a large 
array of CNTs (either entangled or aligned) on a substrate, instead of an individual CNT. The 
amplified electric field at the vicinity of one CNT interferes with that of the neighbouring 
CNT, thus degrading the overall emission from the array. Methods have been formulated in 
literature to minimize the field shielding effect [GroVS00, NilAP00, BonAM01] by employing 
an inter-tube distance equal to twice the height of CNTs (or equal to the height of CNTs). 
By assuming that a large-area cathode comprises vertically aligned CNTs (VACNTs), 
each of height 1 µm, the total number of CNTs in an area of 1 cm2 is 108 (CNTs spaced apart 
by 1 µm). The maximum attainable value of emission current from an individual CNT is about 
1 µA. Therefore, the maximum emission current density expected is 100 A cm-2 [ElePU10]. 
However, such large values are hardly attainable in laboratory experiments. Many authors 
have reported the field emission characteristics of only individual CNTs or individual bundle 
of CNTs. Only a small fraction of literature considered the study of emission behaviour of 
large-area cathodes and the involved field shielding effects. 
Based on the aforementioned status, the present thesis addresses the following 
objectives: 
(a) A basic investigation of the influence of catalyst precursors on the growth 
morphology of CNT arrays from a thermodynamic point of view. 
(b) Growth of large-area CNT arrays on a variety of substrates encompassing metallic 
(stainless steel, copper, molybdenum), semiconducting (silicon), and carbon-based 
materials such as graphite, few-layer graphene and carbon nanowalls. 
(c) General and field emission characterization of large-area CNT emitters in pulsed 
operation mode, for the potential application in x-ray computed tomography. 
(d) A study of the influence of surface density, length and other geometrical factors 
of the CNTs on the overall performance of large-area field emitters on silicon. 
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(e) Investigation of the field emission degradation mechanisms of both, CNT arrays as 
a whole and individual CNTs constituting the arrays. 
 
Structure of the thesis 
The thesis is organized as follows: Chapter 2 presents a theoretical background of the CVD-
route of synthesis of CNTs and basic field emission theory (terminology and definitions). 
Further, the field emission characteristics of an individual CNT as well as an array of CNTs are 
presented. Chapter 2 is concluded by demonstrating various mechanisms of degradation 
experienced by the nanotubes during field emission. Chapter 3 describes the various 
materials and experimental methods undertaken in the study. 
 Chapter 4 deals with understanding the influence of various supported catalysts on 
the growth morphology of CNTs on aluminum foils from a thermodynamic perspective. Since 
this sub-topic does not strictly belong to field emission investigations, a separate 
introduction and experimental procedure relevant to this chapter are given in the beginning 
of the same chapter. Chapter 5 and Chapter 6 present the growth and emission 
characteristics of large-area CNTs on a variety of substrates including stainless steel, copper, 
molybdenum (Chapter 5) and silicon (Chapter 6). Preliminary investigations on graphite, few-
layer graphene and carbon nanowalls as substrates are presented towards the end of 
chapter 5. Chapter 6 also presents the investigations concerning field emission degradation 
of CNTs on silicon. On a final note, the summary and outlook constitute Chapter 7. All the 
field emission measurements were performed by Ms. D. Wenger at Siemens AG, Erlangen as 
a part of the project ‘CarboFEM’, sponsored by Bundesministerium für Bildung und 
Forschung (BMBF), Germany. 
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Chapter 2 
 
Synthesis and Emission Behaviour of CNTs 
 
 
Carbon is one of the oldest chemical elements known since antiquity. The name carbon is 
derived from the Latin word ‘Carbo’, which means charcoal. The atomic number of carbon is 
6 and is denoted by the symbol ‘C’. The element carbon exhibits many allotropic forms, of 
which the prominent ones from many centuries are diamond, graphite and amorphous 
carbon. The other allotropes that are recognized to be of much scientific and technological 
importance constitute primarily carbon nanotubes (CNTs), graphene and fullerenes. 
Carbon nanotubes are long, cylindrical and hollow structures formed by thin sheets 
of a single atomic layer of carbon, known as graphene, in which each carbon atom forms sp2 
hybridized bonds with three other atoms. These sheets are rolled at specific and discrete 
(‘chiral’) angles giving rise to the first type of classification of CNTs: (i) armchair, (ii) chiral, 
and (iii) zigzag. The electronic properties of an individual CNT very much depend on its 
chirality. More details about the chirality of nanotubes are discussed in many forms of 
literature [SaiW98, ReiW08]. CNTs are further classified as single-walled (SWCNTs) and 
multi-walled (MWCNTs), depending on the number of concentric cylinders of rolled up 
graphene sheets forming the tube. In an MWCNT, the concentric cylinders are held together 
by van der Waals forces. The geometry and the highly directional sp2 hybridized bonds 
provide extraordinary mechanical, thermal and electronic properties to the CNTs.  
The most commonly practised processing routes for the synthesis of CNTs include 
arc-discharge, laser ablation and chemical vapour deposition (CVD). The fundamentals of 
carbon nanotube synthesis by CVD and their electron field emission characteristics 
constitute the rest of chapter 2. 
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2.1 Synthesis of carbon nanotubes by CVD 
The synthesis of carbon nanotubes by CVD provides at least two major advantages 
compared to the arc-discharge and laser ablation methods. Firstly, CVD enables the growth 
of nanotubes at relatively mild experimental conditions, offering more control over the 
growth process. Thus, control over the length of the CNTs and an aligned growth can be 
achieved [ZhuMS06]. Secondly, CVD is much more viable, than arc-discharge and laser 
ablation techniques, in scaling up the production of either entangled or aligned CNTs [LiS96, 
ColCP00, HouCM03]. 
 Figure 2.1 highlights various CVD-based techniques available for the synthesis of 
carbon nanotubes. The basic principle for all these techniques, however, is very similar. 
Briefly, a carbon source namely a hydrocarbon precursor gas decomposes under the 
influence of external energy, while the active catalyst further supports and pushes the 
decomposition to lower temperatures. The decomposition provides elemental carbon that 
nucleates on the active catalyst nanoparticles in the form of CNTs. The CVD methods listed in 
Figure 2.1 mainly differ from one another in the nature of the energy supplied for the 
dissociation of hydrocarbon precursors.  
 
 
Figure 2.1: Various chemical vapour deposition routes for the synthesis of CNTs [PraMC11]. 
 
Due to their relevance with the current thesis work, fundamentals concerning only the 
thermal CVD and plasma-enhanced CVD (PECVD) will be presented in the upcoming sections. 
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2.1.1 Thermal CVD 
Thermal CVD is the most basic CVD technique in which the hydrocarbon precursor gas 
decomposes in the presence of thermal energy, as suggested by the name. Thermal CVD can 
be conducted with a simple apparatus comprising a heating element as a source of thermal 
energy, along with a reaction chamber connected to the desired gas inlets. Figure 2.2 
outlines a simple schematic representation of a thermal CVD apparatus. 
 
 
Figure 2.2: Schematic of a basic thermal CVD setup for the synthesis of CNTs. 
 
 A huge amount of research has gone into the thermal CVD route of synthesis of CNTs 
since 1991. In the late 1996, Li et al demonstrated, probably for the first time, the growth of 
aligned MWCNTs by thermal CVD on Fe nanoparticles with C2H2 as the precursor gas [LiS96]. 
By 1999, a controlled growth of 100 µm long aligned CNTs was successfully demonstrated by 
Li et al [LiAP99]. However, the quality of CNTs produced by initial thermal CVD trials was 
inferior to that produced by arc-discharge methods. In 2004, Teo et al. carried out the 
synthesis of high quality CNTs using ferrocene as both the catalyst and the hydrocarbon 
precursor [TeoE04]. Later, a detailed study of the catalytic growth of MWCNTs from 
transition metal catalysts was put forward by Deck et al [DecC06]. Fe, Co and Ni were found 
to be the only transition metals among others (Cr, V, Zn, Ti, Cd, Cu, Zr etc) that showed a 
good catalytic activity. The authors concluded, on the basis of phase diagrams, that the 
solubility of C in the respective transition metal was the deciding factor. Metals that show a 
solubility of 0.5-1.5 wt% C show good catalytic activity while others that have a poor 
solubility or a tendency to form intermediate carbides show no catalytic activity. Fe, Co and 
Ni allow the adsorption and diffusion of elemental carbon required for the precipitation of 
graphene layers at the gas-metal or metal-substrate interface. 
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  Although thermal CVD showed good prospects for the scaling up of the production 
of CNTs, there has been the advent of plasma-enhanced CVD methods that offered a great 
control over the synthesis of especially aligned CNTs at much lower processing temperatures 
than that used in thermal CVD. 
 
2.1.2 Plasma-enhanced CVD (PECVD) 
The driving force for the dissociation of the feed gas in a PECVD process is high energy 
plasma. The low temperature operation is possible because of the high energy electrons, 
ions and radicals comprising the otherwise cold plasma. Secondly, the electric field within 
the plasma enables an in situ vertical alignment of the CNTs [BowAP00, MerAP00, TeoAP01, 
DelJA02]. 
Although there are several modes of generating high energy plasma, such as radio 
frequency (RF), microwave (MW) and direct current (DC) etc, the experimental setup 
remains very similar. Figure 2.3 (a) shows the basic outline of a typical PECVD setup. The 
grounded reaction chamber comprises two electrodes, of which again the anode is grounded 
and the cathode is powered. A negative bias applied between the electrodes results in high 
energy plasma, which breaks down the feed gas conducive for CNT growth. The electrostatic 
sheath surrounding the electrode surface accelerates the charge transfer and provides 
driving force for the movement of charged particles (shown in Figure 2.3 (b)). 
                       
Figure 2.3: (a) Schematic of a basic plasma-enhanced CVD setup for the synthesis of CNTs,                
(b) Schematic illustrating plasma and plasma sheaths between the two electrodes. 
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 As mentioned earlier, the electric field helps in the growth of CNTs in an aligned 
fashion, although the precise mechanism is still debatable. Figure 2.4 (a) shows an example 
of vertically aligned forest of CNTs grown on Si. Further, nanolithography techniques can be 
applied in laying out catalyst layers in the form of a desired pattern and thus, patterned 
vertically aligned CNTs (VACNTs) can be grown by PECVD. An example of such patterned 
growth is shown in Figure 2.4 (b). 
 
 
Figure 2.4: Scanning electron microscopic images showing (a) a uniform array of VACNTs and (b) 
patterned growth of VACNTs on a silicon substrate. 
 
 The main driving forces for the growth of CNTs on an active catalyst surface are 
temperature and supersaturation of the gaseous phase [BakJC73]. The insights into the 
growth mechanism of CNTs have continuously evolved over the last few decades. Broadly, 
tip-growth and base-growth (also called root-growth) models are used to explain the growth 
of CNTs. If the catalyst nanoparticle has a strong interaction with the substrate, the particles 
remain anchored and the carbon precursor diffuses through the base of the particle and 
precipitates at the open face, thus forming the nanotube on the top of the particle. Such a 
mechanism is called base-growth. On the other hand, in a tip-growth mechanism, the 
decomposition of carbon precursors occurs on the front face of the particle, which then 
diffuses through the particle and precipitates on the trailing face, forming the nanotube in 
between the nanoparticle and the substrate [BakCP78]. Thus, the diameter of CNTs directly 
depends on the size of the catalyst nanoparticles. The schematics provided in Figure 2.5 (a) 
and (b) demonstrate both the mechanisms. 
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Figure 2.5: An illustration of the (a) tip-growth mechanism and (b) base-growth mechanism for the 
growth of CNTs by CVD [BakCP78, TerIM04]. 
 
 Although many theories were formulated on the physical and chemical state of the 
catalyst particles during the time of CNT growth, the VLS (vapour-liquid-solid) theory forms 
an interesting basis. Tibbetts et al suggested through VLS theory that the nanoparticles exist 
in liquid form, thus allowing the diffusion processes to take place easily [TibCG84]. However, 
a more valid argument suggesting a solid-state growth process was provided by Baker et al 
[BakC75], which shows that the activation energy for the nanotube formation closely 
correlates with the diffusion rate of carbon through solid metals. 
 
2.2 Field emission theory 
Fast-moving electrons find their applications in many fields like in the x-ray generation, 
electron microscopy and field emission display technology to name a few. Figure 2.6 shows 
the schematic of a multipixel x-ray source based on CNT emitters, as opposed to a 
conventional CT scanner used widely in medical applications.  
 
Figure 2.6: Schematics of the operation of a conventional x-ray scanner (left) and a multipixel x-ray 
radiation source with a CNT-based cathode (right) [ZhaAP06]. 
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The electrons are removed from the outermost orbitals of target materials and are 
accelerated using external electric fields. The two different methods of ejecting electrons 
from a metal or a semiconductor are thermionic emission and field emission. As the name 
suggests, the material is heated to a temperature high enough to break the electrons free 
from the outermost surface of the material in a thermionic emission. On the other hand, 
field emission is a cold electron emission process that is associated with the phenomenon of 
quantum tunnelling whereby electrons tunnel through a potential barrier under the 
influence of a high electric field [FowRS28], as illustrated in Figure 2.7.  
 
 
Figure 2.7: Potential energy diagram illustrating the quantum tunnelling process, where ϕ denotes 
the work function of the material. 
 
The relationship between the emission current density (J) and the external electric 
field (E) is given by the Fowler-Nordheim equation (FN equation) [FowRS28] as:  
J = C1E2 exp (-C2/E)                … (2.1) 
and the total emission current ‘I’ from an emitting surface of area ‘S’ can be obtained by 
integrating equation (2.1) over the total emitting surface as: 
       I = ∫s J dS                 … (2.2) 
Where C1 and C2 are constants expressed as: 
C1 = a/ϕt2(y) and C2 = bϕ3/2θ(y), 
in which ‘E’ is the applied electric field strength, ‘ϕ’ is the electron work function, the 
constants a and b are equal to 1.54×10-6 and 6.87×107 respectively and y is the Schottky 
lowering of the work function barrier. 
 11 
t(y) and θ(y) are the elliptical dimensionless Nordheim functions, where 
t2(y) ≈ 1 and θ(y) ≈ 1-y2 
And the Schottky lowering of the work function barrier, y is gives as: 
y = 3.79×10-4 (√Elocal/ϕ) 
where ‘Elocal’ is the local electric field at the site of electron expulsion on the material, which 
is different from the applied macroscopic electric field as follows: 
        Elocal = β·E                    … (2.3) 
As can be seen from the equation (2.3), the local electric field is ‘β’ times higher than the 
applied electric field. This factor (β) is hence called the field enhancement factor or field 
amplification factor. Higher the β, higher is the local electric field at the emission site and 
hence higher is the emission current density. In the case of an individual VACNT of height ‘h’ 
and radius of curvature at the tip ‘r’, the field enhancement factor is related to the geometry 
as [EdgPM02]: 
            β ≈ 1.2 [2.15 + (h/r)]0.9               … (2.4) 
Thus, β is mainly a geometric factor and is directly proportional to the aspect ratio (h/r) of 
the CNT. 
Given the complexity of the calculation of emission parameters, a more convenient way to 
treat and analyze experimental data on the basis of FN equation (2.1) is given by a simple 
logarithmic representation as follows: 
ln (J/E2) = C1 – (C2/E)                … (2.5) 
Thus equation (2.5) denotes a linear relationship or in other words, a linear relationship of 
this equation suggests that the electron emission is indeed electric field-induced. β can be 
calculated directly from the slope of equation (2.5) as: 
     β = (B × ϕ3/2)/m                … (2.6) 
where, B = -6.83 × 103 eV1.5 µm-1, ϕ ~5 eV and m is the slope of equation (2.5). 
A high β and a low ϕ are important for an effective electron emission. However, all materials 
with this combination are not necessarily promising electron emitters. Along with these 
factors, it is equally important for the emitter material to exhibit good mechanical stability, 
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electrical conductivity and thermal conductivity in order to sustain a long term stable 
emission. 
 Besides the field enhancement factor (β), the other important emission parameters 
that are usually measured for field emitters are: 
(a) the maximum emission current density (Jmax),  
(b) threshold electric field (ETh) and  
(c) long-term stability of an emitter. 
Jmax can be obtained by simply constructing the IV plots (current vs. applied voltage) 
or JE plots (current density vs. applied electric field) of emission and observing the terminal 
current density before the emission either stops or gets erratic. It should be noted that 
‘maximum current’ means the maximum current which is reached in a smooth IV 
characteristic, while the ‘maximum stable current’ is the maximum current achievable in 
long-term measurements. Threshold electric field (ETh) is the macroscopic electric field 
strength at which the emission current density (J) of the emitter reaches 10 mA cm-2. ETh can 
also be observed directly from the JE plots. 
Long-term stability measurements provide a good indication of the life of the 
emitters. A constant current density is extracted from the emitter over long periods of time 
and the duration of emission is noted. During continuous emission, emitters normally 
undergo structural degradation which leads to an increase in the applied voltage (or applied 
electric field) to obtain the same current density as the time prolongs. The degradation rate 
for an emitter is measured as the change in the applied voltage as a function of time: 
   Degradation rate = ∆V/t                … (2.7) 
Where, ∆V is the change in applied voltage for the same emission current (or current 
density) and t is the duration of emission. The practical field emission characteristics usually 
differ from the theoretical predictions due to one or more of the following factors: (a) 
presence of adsorbants on the surface of the emitter, (b) presence of structural defects in 
the emitter and (c) thermally induced fluctuation in emission etc. The emission 
characteristics are also dependent on the measurement conditions. Detailed investigations 
of the degradation of CNT emitters as a function of pressure, duty cycle, and pulse-on time 
were reported elsewhere [LebVS13]. 
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 Carbon nanotubes, or in particular vertically aligned CNTs, are promising materials for 
field emission applications because of their extremely high aspect ratio, excellent 
mechanical stability owing to the strong sp2 hybridized bonds and their electrical and good 
thermal conductivities. The electrical conductivity of CNTs however depends on the chirality 
of the nanotube. A good thermal conductivity of CNTs enables a rapid dissipation of heat 
which is induced by massive local electric fields at the tip of the nanotubes during emission. 
 
2.3 Emission from individual CNTs 
The study of field emission behaviour of individual nanotubes provides insights into the 
mechanism of emission from CNTs. Figure 2.8 shows for instance the FN plot recorded from 
an individual MWCNT, 1.1 µm in length and 8 nm in diameter, by means of a field emission 
scanning electron microscope (FESEM) [ZhaoAP06]. The plot shows that the current-voltage 
characteristics assume a linear relationship within a quite wide range of applied voltage. 
 
 
Figure 2.8: Typical Fowler-Nordheim plot obtained from an individual MWCNT of length 1.1 µm and 
diameter 8 nm [ZhaoAP06]. 
 
 However, if one were to observe the overall emission current (I) from individual 
nanotubes, a random fluctuation was apparent with respect to time [RinS95, WanAP02, 
SemAP02]. The first ever report on the field emission behaviour of an individual multiwalled 
nanotube was done by Rinzler et al. [RinS95]. An emission current of 0.1-1 µA was obtained 
at a bias voltage of 80V at room temperature. It was reported that the emission current of 
the nanotube fluctuated randomly as a function of time and this phenomenon was related 
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to an unravelling process of the carbon atom ring. Later, in situ TEM observations revealed 
that the fluctuations were indeed a result of ‘head-shaking’ effect, which was caused due to 
a constant variation in the distance between the nanotube tip and the counter electrode 
during field emission [WanAP02]. On the other hand, in case of CNT arrays comprising a 
large number of nanotubes, the overall ‘head-shaking’ effect is diminished due to the 
support from the neighbouring nanotubes. However, Semet et al showed that a simple 
conditioning treatment may reduce the fluctuations and that currents up to 20 µA could be 
achieved. Since then, many studies have contributed in a better understanding of emission 
from individual nanotubes [BonPR02, JonAP04, SmiAP05, XuAP06]. 
 The current density of individual CNTs is usually very high when it is integrated over a 
large area. However, in reality the values are much less because of a few deleterious effects 
which will be discussed in detail in the next section. The field enhancement factor, β is 
nevertheless very high for an individual nanotube because of its high aspect ratio (105 or 
even higher). Hence the emission occurs at lower threshold fields (or lower applied voltage) 
compared to other field emitters like nanodiamond, Si tips etc [CheP03]. However, at the 
same time, according to equation (2.3) in the previous section, the local electric field 
surrounding the tip of the nanotube is also massive, which leads to an early breakdown of 
the emitter. 
 It is worthwhile to note that even the sidewalls of a nanotube possess emission sites. 
Chai et al reported the emission behaviour of an individual nanotube that was bent in the 
form of a loop so that the sidewall of the nanotube faced the counter electrode, as shown in 
Figure 2.9 [ChaC07]. The authors have noticed that the value of β boosted to a range of 
380,000-400,000 and subsequently concluded that the work function of the nanotube 
decreased due to the bending in the form of a loop. 
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Figure 2.9: Scanning electron microscopic image of an individual nanotube ‘loop’ emitter [ChaC07]. 
 
 A further interesting study by Chen et al explores the dependencies of the orientation 
of an individual nanotube with respect to the counter electrode on the emission behaviour 
[CheAP00]. Nanotubes were used in three geometries: (i) perpendicular (vertically standing), 
(ii) inclined at 45 degrees and (iii) laid horizontally with respect to the surface of the counter 
electrode. It was noticed that the nanotube lying horizontally i.e., with the sidewall against 
the counter electrode, exhibited the most efficient emission at lower magnitudes of applied 
voltage, compared to the other two. The authors attributed these results to a higher content 
of defects on the sidewalls of the nanotube that were directly exposed to the counter 
electrode. Thus, the presence of certain amount of structural defects, especially vacancy 
defects, on the nanotubes provides additional sites for emission. 
 
2.4 Emission from CNT arrays 
The fundamentals concerning electron field emission from individual nanotubes have been 
considered in the previous section. These emission characteristics are directly related to the 
geometry, unique structure and chemical bonding of the CNTs. Unlike for an individual 
nanotube, the emission characteristics of a CNT array are not as straight-forward. A CNT 
arrays may consist of a huge number of individual nanotubes of variable lengths, diameters, 
orientations and electronic properties. In such an array, generally the nanotubes that 
protrude out above the rest of the surrounding nanotubes have the highest β and hence the 
electric field amplification takes place strongly around the tip of these specific nanotubes. 
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Even at lower applied voltages, these nanotubes start emitting electrons. As the applied 
voltage is increased gradually, the rest of the nanotubes in the array start emitting. 
 Given the scenario of preferred emission from an individual CNT or an array of CNTs, 
there exists an additional factor that influences the local electric field of every individual 
nanotube in an array. This factor, termed as ‘field screening effect’ or ‘field shielding effect’, 
is the distortion of the local electric field at the tip of an individual nanotube in an array due 
to the interference of the respective local electric fields of the closely-spaced neighbouring 
nanotubes [GroVS00, NilAP00, BonAM01]. These authors suggested that it is necessary to 
have individual vertically aligned nanotubes spaced apart by a distance equal to twice their 
height, in order to mitigate field shielding effects and to optimise emission current density. 
On the other hand, Bocharov et al suggested that the ideal distance should be half the height 
of the nanotubes as obtained from solution of Laplace equation for 2D array of similar 
VACNTs [BocTP05]. The differences in these conclusions arise from sensitivities of the 
magnitude of applied voltages [SuJA09, SmiAP09, BocC10]. Hence, no standard distance is 
indicated in publications, which can result in misunderstandings. Figure 2.10 shows a 
schematic of two types of CNT arrays: dense CNTs and CNTs spaced apart by a distance 
equal to their height. In such an arrangement as case two, the electric potential at the 
vicinity of the tip does not experience interference from that of the neighbouring nanotubes.  
  
 
Figure 2.10: Schematic showing (a) dense CNT array where screening of the equipotential lines is 
observed, leading to electric field shielding, and (b) CNTs spaced apart to minimise field shielding 
[MilMC04]. 
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 It is expected that the aspect ratio of individual VACNTs in an array as shown in 
Figure 2.10 (b) is desired to be as high as possible in order to obtain a high field 
enhancement factor, β. However, as the length of an individual nanotube in an array 
increases, the separation distance between the neighbouring nanotubes should also be 
increased in order to minimise the field shielding effect. This results in a considerable 
decrease in the spatial density or the count of the nanotubes per unit area, thus also 
minimising the number of CNT emitters. Hence, it is important to optimize the geometry of 
individual nanotubes in an array as well as the separation between them on the whole. 
 The screening effect assumes a much complicated behaviour in the case of a 
substrate consisting of strategically spaced CNT emitter bundles, each bundle involving 
several dozens of nanotubes, as against isolated nanotubes themselves. The computer 
simulation of such a case encounters many computation difficulties and therefore the best 
solution is an experiment. McClain et al conducted such a study by growing nanotube 
bundles of diameters 120 µm, 60 µm, 30 µm and 15 µm on an etched silicon wafer, as shown 
in Figure 2.11 [McPC07]. Each bundle was composed of several dozens of individual 
nanotubes, as shown in the inset of Figure 2.11 (b). The height of the bundles was about 100 
µm and the separation between them was 200 µm. The diameter of individual nanotubes 
forming a bundle ranged from 10-15 nm. The current-voltage characteristics as a function of 
bundle diameter are indicated in Table 2.1. The results confirmed that the aspect ratio is an 
important factor in enhancing the field emission characteristics of CNTs, also in the form of 
bundles. The bundle with the smallest diameter possessed the lowest threshold field and 
highest field enhancement factor. 
 
 
Figure 2.11: (a) Top-view of VACNT bundles of diameters (from left to right) 15 µm, 30 µm, 60 µm 
and 120 µm, (b) side-view of a single VACNT bundle of diameter 30 µm with the inset showing 
individual nanotubes within the bundle [McPC07]. 
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Table 2.1: Threshold electric field (ETh) and electric field enhancement factor (β) values for different 
bundle diameters [McPC07]. 
Bundle 
diameter (µm) 
ETh (V µm-1) β 
120 
60 
30 
15 
8.7 
7.9 
6.2 
2.5 
639 
1013 
1726 
2425 
 
The main drawback of this study, however, is that the area of counter electrode is 
only large enough to extract electrons from one individual bundle at a time. Therefore, this 
method does not take into account the field shielding effects of the neighbouring bundles. 
Only a few of the publications existing in the literature have dealt with large-area CNT 
emitters (cited in Chapter 6), but failed to address all the three important features together, 
which are the maximum emission current density, threshold electric field and long-term 
stability or the emission degradation rate in long-term emission measurements. This thesis 
hence attempts to address all these three parameters in detail in the Chapters 5 and 6. 
 
2.5 Degradation of CNTs 
The JE plots (or IV plots) and long-term stability measurements clearly indicate that the field 
emission performance of nanotubes deteriorates beyond a certain applied voltage or time. 
This apparent emission degradation is a direct consequence of a structural degradation 
experienced by nanotubes during field emission. In almost all the cases, the structural 
deformation is irreversible [KimCP03]. It is important to obtain a clear understanding of the 
mechanism of emission degradation of nanotubes for the obvious reasons to enhance their 
lifetime and performance. 
 Several authors have performed many experiments and simulations to unravel the 
mechanisms for field emission failure of CNTs. The different possible mechanisms include 
electrodynamic force activated failure in isolated CNTs [BonPR03], electrical breakdown 
[ColPR01, SeiJA04], thermal degradation of CNTs [HuaPR04, ChiPR05, WeiNL07] or thermo-
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mechanically activated fracture of the tubular graphene sheet and electron-phonon 
interaction resulting in emission current degradation through the generation of temperature 
spikes under high electric field [SteNL07]. The temperature at service could sometimes reach 
high enough to even locally melt the substrate besides deforming the CNTs. 
 The failure of CNTs due to field emission can broadly be classified into two 
categories: (a) gradual failure [BaiAP10, BonPR03, WanAP02, DeaAR01, WeiAP01, MeuPR99] 
and (b) catastrophic failure [BonPR03, DykPR53, NilAP01]. More often than not, gradual 
failure occurs or starts occurring at the initial stages of emission at very low electric fields 
and perishes at, or sometimes also continues at, higher electric fields. 
In an example for gradual failure, Baik et al and Jin et al have independently observed 
that the tips of the nanotube emitters started to accumulate amorphous contamination on 
account of continuously experiencing ion bombardment [BaiAP10, JinC05]. This resulted in 
thickening of the CNT tips and decrease in the emission current, as shown in Figure 2.12. 
Other mechanisms that contribute to a gradual failure of emitters include field evaporation 
of the carbon atoms [DeaAR01] and selective oxidation [MeuPR99]. The gradual failure of 
CNT emitters may also be witnessed sometimes from a continuous decrease in the height of 
the nanotube with respect to time [WeiAP01] or by a slowly occurring damage in the outer 
walls of the nanotube [WanAP02]. As mentioned above, the first sign of gradual degradation 
of a CNT emitter can be noticed usually at very low electric fields i.e., at the beginning of the 
field emission measurements. Initially the nanotube consists of at least a small concentration 
of adsorbants on the outer wall or the tip, which interferes with the emission process at low 
electric fields. As the field/applied voltage is increased gradually, the adsorbants get 
displaced, thus allowing a free emission from the CNT. This phenomenon can be observed as 
minute fluctuations in the emission current at the onset of emission [HatSS01]. 
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Figure 2.12: High resolution transmission electron microscopic images of a MWCNT emitter tip (a) as-
grown, (b) after dc treatment and (c) after ac treatment. The scale bar is 10 nm [BaiAP10]. 
 
 The other type of failure of emitters is the catastrophic failure, resulting from a 
sudden structural change in the CNTs. Usually the emission characteristics exhibit an 
apparent deterioration at the onset of catastrophic failure of the majority of CNTs. The 
following are the most common mechanisms of catastrophic failure. 
 As a result of high thermo-mechanical stresses, the nanotubes tend to rupture near 
the middle or at any weak point [ColAP02, PabAP99]. This suggests that the nanotube is 
resistively heated and the local temperature becomes high enough to instigate ablation of 
the tube or even to vaporize the graphitic wall. Hence it is important to provide a heat sink, 
preferably in the form of a thermally conductive coating on the substrate, in order to 
enhance the life of emitters. 
 The other two major modes of catastrophic failure occur one at low currents and the 
other at high currents. At low currents, CNTs tend to align perpendicularly to the surface of 
the counter electrode due to the electric field, regardless of their initial orientation (in most 
cases). Such alignment due to the applied electric field occurs even before any macroscopic 
emission current is recorded from the emitter. Figure 2.13 shows an individual CNT emitter 
aligning perpendicularly in the presence of an increasing applied voltage. Beyond a certain 
voltage, the nanotube emitter succumbs to the electric field and is completely uprooted 
from the substrate (Figure 2.13 (d)). This situation calls for a strong adhesion between the 
nanotube and the substrate material. 
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Figure 2.13: SEM images of an individual nanotube emitter of length ~ 4.5 µm, diameter ~ 5 nm, 
positioned from the anode at 5.8 µm at (a) 0 V, (b) 2V, (c) 4V-before and (d) 4V-after the destruction 
of the tube [BonPR03]. 
 
 At high currents, ‘arcing’ occurs at the tip of the nanotube, which means an electric 
arc is evoked between the tip of the nanotube and the anode [DykPR53]. Such a process 
usually occurs at very high voltages giving rise to high currents, or is a result of local 
evaporation of the cathode material, that creates a conduction channel between the 
electrodes, leading to a sharp discharge which damages the emitter [BonPR03]. Arcing not 
only results in the uprooting of the nanotube emitters, but may also lead to localised melting 
of the substrate [NilAP01]. An example of such a failure mode has been demonstrated in 
Section 6.5 of Chapter 6. Arcing eventually results in a reduction in the total number of CNT 
emitters as they are uprooted due to excessive heating and consequently leads to a fall in 
the measured emission current or increase in the applied voltage to maintain the same 
emission current. 
 A comparison of Raman spectra of the nanotube emitters before and after field 
emission may also provide crucial information about the level of degradation. Baik et al 
noticed an increase in the ID/IG ratio (decrease in graphitization) and an increase in the full 
width half maximum (FWHM) of the G-peak of the spectrum, which indicated the loss of 
crystallinity and an increase in the disordered amorphous phase within the CNT emitters 
[BaiAP10, BenPR02].  
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Chapter 3 
 
Synthesis and Characterization Methods 
 
 
3.1 Substrates 
It was of interest to compare the influence of various substrate materials on the growth 
morphology and characterization of carbon nanotubes for their field emission behaviour. 
Hence a variety of substrate materials, namely metallic materials such as 304 stainless steel, 
copper, molybdenum, carbon-based substrates such as graphite, few-layer graphene papers, 
carbon nanowalls (CNWs) and also the classic semiconductor substrate namely silicon (n-
doped) have been used in the present study. n-doped (100) silicon wafers were obtained in 
the form of 8 mm × 8 mm squares with a wafer thickness of about 275 µm. All the metallic 
and graphite substrates were obtained in the form of small rectangular blocks with the 
dimensions 25 mm (l) × 5 mm (h) × 2.5 mm (w). Few-layer graphene papers were cut into 
rectangular pieces of dimensions 25 mm (l) × 2.5 mm (w) so that they could be laid on 
metallic substrates for easier handling. CNWs that were initially grown on stainless steel 
substrates have been used for further CVD of CNTs. All the metallic substrates were obtained 
with an electro-polished surface finish. CNW samples were obtained from Dr. Y. Thomann of 
the University of Freiburg, while the rest of the substrates were provided by Siemens AG, 
Erlangen. 
 
3.2 Catalyst Preparation and Coating 
Different catalyst-loading procedures have been followed on different substrates mainly 
based on the geometry of the substrate. All the techniques are described below and the 
relevant method used for a particular substrate will be recalled in the respective chapters 
where necessary. The metallic and Si substrates were cleaned ultrasonically in ethanol prior 
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to catalyst-loading. The liquid catalyst precursors used in the dip-coating/drop-coating 
techniques (described below) were basically ethanol solutions of either [0.1M x] or [0.1M x + 
0.1M y], where x is a transition metal nitrate: Fe(NO3)3/Co(NO3)2/Ni(NO3)2 and y is either 
Al(NO3)3 or Mn(NO3)2, giving rise to a total of 9 combinations. All the surface coatings were 
carried out at room temperature. 
 
3.2.1 Dip-coating 
The substrate was held by a clip and lowered into the catalyst precursor solution using a 
string and was left submerged for 10 min, leaving upper 3 mm of it above the solution level 
to prevent the clip from contacting the solution. The substrate was then retrieved from the 
solution very slowly by unwinding the string at a speed of about 4 cm min-1 [MurCP03] and 
later dried at room temperature in still air prior to CVD. This process was mainly applied to Si 
substrates. Figure 3.1 provides the snapshots of the procedure, split into three steps: (a) 
dipping, (b) immersion and (c) retrieval. 
 
 
Figure 3.1: Dip-coating of Si substrate in 0.1 M [Fe(NO3)3+Al(NO3)3] solution: (a) dipping, (b) 
immersion and (c) retrieval. 
 
3.2.2 Drop-coating 
Unlike in dip-coating, only 2-3 drops of the catalyst precursor solution was introduced on the 
surface of the substrate by means of a pipette. Subsequently, the substrate was dried on a 
hot plate at ~60 °C and then used for CVD. This method was mainly practised on almost all 
the substrates except silicon. Figure 3.2 shows the snapshots of the procedure. 
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Figure 3.2: Drop-coating of a metal block with 0.1 M [Fe(NO3)3+Al(NO3)3] solution: (a) dropping, (b) 
Drying and (c) Dried catalyst layer. 
 
3.2.3 Magnetron sputtering 
A few silicon substrates were coated with a precisely measured amount of Fe as a catalyst by 
means of DC magnetron sputtering. These substrates were mainly used for plasma-
enhanced CVD. A DC power of 20 W that resulted in a deposition rate of 2 nm min-1 was 
applied in the presence of an iron (Fe) target. The sputtering was conducted at room 
temperature, in argon ambience (at a pressure of ~1×10-3 mbar). 
 
3.3 X-ray Diffraction of the Catalyst Layers 
Ex-situ X-ray Diffraction (XRD) measurements were conducted in order to investigate the 
phase formation associated with the decomposition and reduction of catalyst precursor 
solutions just before the thermal CVD of CNTs. XRD measurements were conducted on bulk 
catalyst species by means of a Rigaku Miniflex x-ray diffractometer with Cu Kα (λ = 1.5406 Å) 
radiation. The diffractometer was operated at a voltage of 35 kV and a current of 15 mA. The 
intensities were obtained at 2θ values ranging from 30 to 120 degrees with a step size of Δ2θ 
= 0.05° and 5s exposure time per step. Peak identification was carried out with the help of 
PANalytical X'Pert HighScore Plus v3.0 software. 
 
3.4 Atomic Force Microscopy (AFM) 
Aluminum foils were used as substrates in order to investigate the behaviour of various 
supported catalyst precursor solutions, the results of which are produced in Chapter 4. In 
this regard, the 3D surface profile of the foils was recorded by means of a table-top AFM- 
DME 2404 DualScopeTM XL Microscope equipped with a DualScope C-21 scanning probe and 
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optical microscope controller. The average surface roughness was calculated by scanning a 
volume of 200 µm × 200 µm × 15 µm, with the 15 µm in z-direction. The scanning probe 
consists of a stiff silicon cantilever mounted with an integrated single crystal silicon tip. The 
tip height and radius of curvature are 15-20 µm and < 10 nm respectively. All the 
measurements were conducted in ‘AC’ non-contact mode. 
 
3.5 Lithography 
Electron beam lithography (EBL) was performed on silicon substrates with an objective to 
synthesize patterned vertically aligned CNTs by means of plasma-enhanced CVD. Figure 3.3 
provides a self-explanatory schematic demonstrating the lithography technique followed in 
this study. 
 
 
Figure 3.3: A step-wise demonstration of electron beam lithography (EBL) conducted on Si 
substrates. 
 
As seen in the Figure 3.3, the cleaned and dried (step-a) silicon substrates were spin-
coated with a duplex layer of PMMA resins of 50k and 950k molecular weights respectively 
(step-b,c). The desired pattern was drawn using a software ‘eDraw 2’ (step-d) and was 
transferred to a program ‘eLitho’, which controls the electron beam in a scanning electron 
microscope (step-e) equipped with the accessory, Nanonic eLitho EK 03. The working 
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distance was 10 mm. The accelerating voltage used was 25 kV and the spot size was 5. After 
the ‘writing’ process, substrate was retrieved from the SEM chamber. PMMA film was 
developed by immersing the substrate in a solution mixture of Methyl Isobutyl Ketone 
(MIBK) + Isopropanol (in a ratio of 1:3) for 3 min and then in absolute Isopropanol for 1 min 
(step-f). 
During the writing process, only desired areas of the substrate were exposed to the 
electron beam, while the rest was still covered with PMMA. Hence, sputtering was carried 
out at this stage (step-g) and later, the rest of the PMMA film was dissolved by simply 
submerging the substrate for about 2-4 hours in acetone (step-h), through a process called 
‘lift off’. This entire procedure would offer Si substrates with a desired pattern of the 
sputtered metal, which was then subjected to CVD for a patterned growth of CNTs.  
 
3.6 Synthesis of CNTs 
Synthesis of CNTs was performed by means of two widely applied CVD techniques: (a) 
thermal CVD and (b) DC plasma enhanced CVD. 
 
3.6.1 Thermal CVD 
An in-house horizontal quartz tube CVD reactor was used for the synthesis of predominantly 
entangled CNTs by thermal route. Figure 3.4 (a) shows the schematic of the CVD reactor, 
whereas Figure 3.4 (b) shows the snapshot of the actual reactor used in this study. 
Substrates were placed in a graphite/quartz crucible, which was positioned in the centre of 
the quartz tube. The tube was mounted with an electric furnace, capable of heating up to 
~1100 °C. One end of the tube was connected to various gas inlets including H2, Ar, 
hydrocarbon precursors such as C2H2, C2H4 etc. The other end of the tube was connected to 
either exhaust or a turbomolecular vacuum pump. A gas manifold allows the regulation of 
the flow rates of different gases. 
 At the beginning of CVD, the quartz tube was evacuated to ~3 mbar to remove 
ambient oxygen and traces of any residual organic compounds from previous experiments. 
Subsequently, Ar (200 sccm) and H2 (45 sccm) were passed into the tube until atmospheric 
pressure was reached and then the other end of the tube was opened to the exhaust in 
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order to maintain atmospheric pressure throughout the CVD process. The electric furnace 
was switched on and the substrates were heated to a temperature of around 645 °C in ~30 
min in Ar+H2 ambience, so that the catalyst compounds were decomposed and/or reduced 
to their respective metallic constituents which were active for the CNT nucleation. At this 
stage, the hydrocarbon precursor was added to the feedstock. In almost all the experiments, 
C2H2 was passed at 12 sccm for 20 min unless mentioned otherwise. After the deposition 
time, hydrocarbon supply was cut off and the furnace was switched off. The samples were 
allowed to cool down to room temperature under the Ar/H2 flow and then retrieved. 
 
 
Figure 3.4: (a) A schematic of the horizontal quartz tube thermal CVD reactor, mounted with an 
electric furnace, the two ends of which, one is connected to gas inlets and the other to vacuum 
pump/exhaust (All units in mm). Usage of liquid hydrocarbon precursors is also possible, as shown 
with ethanol and acetonitrile as example (not followed in this thesis work), (b) a photograph of the 
thermal CVD reactor. 
 
3.6.2 Plasma-enhanced CVD (PECVD) 
An in-house constructed DC plasma CVD reactor was used for the synthesis of primarily 
vertically aligned CNTs. Figure 3.5 (a,b) shows a schematic and a photograph of the PECVD 
reactor respectively. As against the thermal energy used for the dissociation of hydrocarbon 
precursor in a thermal CVD reactor, a DC plasma was used in a PECVD reactor. Unlike the 
horizontal quartz tube used in the thermal CVD reactor, PECVD reactor comprised a vertical 
sample chamber as shown in Figure 3.5. 
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 The setup contained two electrodes: a grounded anode on the top and a DC powered 
cathode at the bottom. The substrate was placed on the cathode. The gas inlets connected 
to gases such as Ar, H2 and hydrocarbon precursors such as C2H4 release the gases amidst 
the two electrodes. The chamber was also connected to a rotary pump and a turbomolecular 
pump (base pressure: ~5×10-5 mbar) to regulate the pressure. A DC bias was applied in 
between the two electrodes for the activation of catalyst compounds and subsequent 
dissociation of hydrocarbon precursor molecules and consequent growth of CNTs. As can be 
seen in Figure 3.5 (a), in addition to the DC plasma, a Ta hot filament was placed directly 
above the cathode to enhance the dissociation of hydrocarbon gas and to heat the substrate 
for a better activity. According to the same principle as of a thermal CVD reactor, initially the 
catalyst compounds were reduced to active metallic constituents under a flow of Ar/H2 at a 
flow rate of 100 sccm each for about 10 min. The chamber pressure was always maintained 
at 10 mbar, unless mentioned otherwise. During this stage, the Ta hot filament (at 130 A 
current) and DC plasma current of 300 mA/bias voltage of ~270 V were activated. 
Subsequently, 7 sccm of C2H4 was added to the feedstock allowing the nucleation and 
growth of CNTs for 20 min. During this stage, the plasma current was 300 mA and the bias 
voltage was ~ 345 V. After the completion of deposition stage, the hydrocarbon supply was 
cut off, but the Ar/H2 plasma was continued for about 3 minutes, along with the hot filament 
heating, in order to remove the soot/amorphous carbon deposited on the top of the CNTs. 
Plasma and hot filament were then turned off and the samples were collected after reactor 
was allowed to cool down to room temperature in the Ar/H2 stream. 
 
 
Figure 3.5: (a) A schematic of the DC plasma-enhanced CVD reactor and (b) a snapshot of the same. 
 
 29 
3.7 Characterization of As-grown CNTs 
The as-grown CNTs were characterized mainly by scanning electron microscopy, 
transmission electron microscopy and Raman spectroscopy before conducting field emission 
measurements. In case of a few samples, characterizations were performed both before and 
after field emission measurements for comparison. 
 
3.7.1 Scanning electron microscopy 
FEI NOVA NANOSEM-200, equipped with EDX (Oxford Instruments) was used in SE mode for 
the imaging of CNTs. The accelerating voltage was 15 kV. For the imaging of vertically aligned 
CNTs, the stage was tilted to an angle of about 30-45 degrees. 
 
3.7.2 Transmission electron microscopy 
Transmission electron microscopy was performed using Tecnai F30 (FEI) equipped with a 
field emission gun, operated at an accelerating voltage of 300 kV. CNT samples for TEM 
investigation were prepared by first scraping the black CNT deposit on the substrates using a 
blade and depositing them over Cu grids with the help of bonding glue. 
 
3.7.3 Raman spectroscopy 
The degree of graphitization (quality) of CNTs was analysed by means of a Thermo Scientific 
DXR Smart Raman Spectrometer with a resolution of 1 cm-1. All the measurements were 
conducted at room temperature with a laser excitation wavelength of 532 nm (2.33 eV) and 
a power equal to 8 mW. The CNT samples were held onto a sample holder along with the 
substrate. The acquisition time was 5 seconds and the number of acquisitions per sample 
was 30. 
 
3.8 Field Emission Characterization 
The field emission measurements of all the CNT samples were performed by Ms. D. Wenger 
at Siemens AG, Erlangen. The emission properties of each sample were measured in diode 
mode with a stainless steel anode in a high vacuum chamber (10-9 - 10-7 mbar). The width of 
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the stainless steel spacer between the substrate and anode was 100 µm in most cases, 
although it was variable between 50 µm and 300 µm. The anode used for the MWCNTs on 
metallic substrates i.e., stainless steel, Cu and Mo (ACNTs: 63 mm²) was significantly larger 
than the cathodes (AreaAnode: ~5 cm²). The anode used for MWCNTs on silicon substrates 
was of the same size as the cathode (anode/cathode area: 51 mm²).  Field emission was 
characterized with an in-house-made controlling and driving electronics called MCD (multi 
cathode drive) capable of generating voltage pulses up to 3 kV with a minimum pulse length 
of 200 µs and measuring currents up to 400 mA (see Figure 3.6). Up to 16 samples could be 
investigated simultaneously. The current-voltage (IV) behavior and the stability of the 
emission current were measured. Fowler-Nordheim (FN) plots were constructed based on 
the IV measurements. Unless otherwise specified, IV characteristics were measured in 
pulsed mode with 0.2 ms pulse-on time and 1% duty cycle. The voltage was increased 
gradually until the current limit of the MCD was reached. In the event of any random 
electrical discharge (micro arcs) causing currents of more than 400 mA, the recording of the 
IV characteristics was stopped [LebVS13]. 
 
Figure 3.6: A schematic of samples with CNTs atop (left) and the field emission measurement setup 
(right). 
 
IV characteristic plots readily display the maximum emission current and the 
threshold voltage for a given sample, as shown in the example in Figure 3.7 (a). The emission 
current follows the Fowler-Nordheim law of field emission, as shown in equation (2.1): 
J = C1E2 exp (-C2/E)
 
As described in detail in Chapter 2, the Fowler-Nordheim plot is generated from the 
IV characteristic plot and allows the extraction of field enhancement factor (β) from the 
slope. β indicates the local enhancement of the electric field on the emitter tips, in 
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comparison to the external/macroscopic electric field (applied voltage V per distance d). For 
instance, the field enhancement factor for the FN plot shown in Figure 3.7 (b) is 1360. 
       
 
Figure 3.7: Examples of (a) IV characteristic plot and (b) Fowler-Nordheim plot [LebVS13]. 
 
The samples were always conditioned by a slowly increasing voltage to achieve a 
higher and more stable emission current. This process aids in a gradual purification of the 
CNT emitter surface by removing any loose emission centers, contaminants, soot and 
adsorbants. The stability of the emission current was also investigated. The pulse-on time 
and pulse-off time were varied. A constant current (e.g. 10 mA) was chosen and the voltage 
was applied respectively. The temporal development of the voltage is a measure for the 
stability of the emission centers and a measure for the degradation rate. The increase of 
voltage with time is termed degradation rate and is measured in V h-1. For instance, the 
voltage in Figure 3.8 increased by 7 V in 91 minutes for a constant emission current of 10 
mA. This corresponds to a degradation rate of 4.6 V h-1 [LebVS13]. 
 
 
Figure 3.8: A typical example of long-term stability plot of a CNT emitter (fluctuation of applied 
voltage as a function of time for a constant emission current). 
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Chapter 4 
 
Comparison of various supported catalysts for 
the growth of vertically aligned CNTs (VACNTs) 
 
 
4.1 Introduction 
Vertically aligned CNTs (VACNTs) have become increasingly important due to their potential 
applications in the emerging areas of field emission devices, fuel cells, supercapacitor 
electrodes, as atomic force microscope (AFM) probes and interconnects [MilMC04, LiC02, 
BauS02, KhaPE11] and so on. CVD techniques, that allow a high degree of control of the 
growth process, are being extensively used for the synthesis of VACNTs on a variety of 
substrates [TerCV06]. Although the usual synthesis temperatures range from 750 to 950 °C 
[VajPT04, PorAS06, LiuC09], more recent developments allow the synthesis at temperatures 
as low as 650 °C [ParNT07, YosNT08] depending on the kind of hydrocarbon gas used. 
The mechanism of alignment of CNT arrays during thermal CVD is still under 
discussion. The most widely proposed models for aligned nanotube growth are based on van 
der Waals interactions [FanS99] and steric hindrance (or crowd effect) [LeeCP99]; the latter 
implies that the growth of nanotubes is forced to proceed vertically due to the physical 
hindrance offered by a large volume of adjacent nanotubes when the density of the 
nucleation sites reaches a sufficiently large value. Thus, a high density of fine catalyst 
particles that are catalytically active and well distributed over an inert substrate is desired to 
induce alignment in nanotube arrays synthesized by thermal CVD. The most widely used 
catalysts are based on Fe, Co or Ni, sometimes used in combination with inert oxides. The 
inert oxide phase such as Al2O3, SiO2, or MgO plays an important role in preventing the 
agglomeration of catalyst nanoparticles at high CVD temperatures [LiS96, LeeCP02, XioC06, 
OhnJJ08]. 
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For the application of CNTs as electron emitters or components of energy storage 
devices, it is important to retain good electrical properties. For instance, a direct growth of 
CNTs on conductive metallic materials helps in reducing the contact resistance between the 
CNTs and substrate. A few studies have shown that aligned CNT arrays can be grown on 
metals, but only after a prior deposition of a supporting intermediate layer [KimSM10, 
ZenDR10]. 
Methods for synthesizing VACNTs on metallic substrates by a simple drop-coating 
procedure have been reported [ParNT07]. Although Al2O3 and SiO2 continue to be the most 
commonly used catalyst supporting layers, Cheng et al. reported that MnO may also act as a 
good supporting layer [CheMM05]. In their studies, a naturally occurring Mn-based mineral, 
in which MnO acts as a supporting layer for catalyst particles, resulted in the growth of 
helical nanostructures grown by thermal CVD with acetylene. In another study performed by 
Liu et al., it was reported that Mn itself acts as an active catalyst for the growth of SWCNTs 
[LiuPC08]. These studies indicate that the exact role of Mn-containing catalysts is not clearly 
understood. 
In this chapter, the influence of Fe, Co, and Ni nanoparticles, in combination with 
Al2O3 or MnO supporting layers, on the synthesis of VACNTs was presented. A correlation of 
the experimental results with the thermodynamic calculations of equilibrium products of the 
catalyst species was deduced. It was shown for the first time that MnO supporting layer can 
be used to synthesize VACNT arrays directly onto aluminum foils by thermal CVD at a 
temperature of only 645 °C. An advantage of such direct growth is that the tedious process 
of growing aligned nanotube forests on oxide substrates, as well as their subsequent 
separation, transfer, and coating on metallic substrates, can all be avoided [ChaNT07, 
IshAC09]. Additionally, the inclusion of manganese oxide nanoparticles in the nanotube 
forests might be of advantage when used in electrochemical supercapacitors, as it was 
reported that such a composite electrode enhanced the capacitance and cycle life of the 
devices [WanSM09]. 
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4.2 Experimental Procedure 
The experiments were conducted mainly in two parts: (a) thermal CVD on several substrates 
that were each drop-coated with different catalyst liquid precursors and (b) a separate 
decomposition and reduction treatment of only ‘bulk’ catalyst liquid precursors under the 
actual CVD conditions in order to analyze their chemical constitution. 
 
4.2.1 Preparation of liquid catalyst precursors 
Six catalyst precursor solutions designated as Fe/Al2O3, Co/Al2O3, Ni/Al2O3, Fe/MnO, 
Co/MnO and Ni/MnO were prepared for subsequent drop-coating. For instance, Fe/Al2O3 
was prepared by adding 0.1M each of Fe(NO3)3 and Al(NO3)3, in absolute ethanol. 
Commercially available aluminum foil (42 µm thick) was used as a substrate for the CNT 
growth. A large Al foil was cut into smaller (1 cm2) pieces and cleaned in acetone and 
ethanol. The liquid catalyst was then applied by a drop-coating procedure as explained in 
Section 3.2.2 of Chapter 3. Besides these six catalyst solutions, five additional ethanol-based 
solutions were prepared for XRD investigations. These five solutions contained one of the 
metallic nitrates (Fe/Co/Ni/Al/Mn) each, in 0.1M concentration. Thermal CVD was carried 
out on the six catalyst-loaded Al foils by a procedure stated in Section 3.6.1 of Chapter 3. 
 
4.2.2 Decomposition and reduction treatment of liquid catalyst precursors 
It was of prime interest of this study to determine the chemical constitution of the catalyst 
species just before the growth of CNTs. Insights into such investigations provide a basis to 
correlate the arrangement of CNTs (entangled or aligned) and the chemical constitution of 
the catalyst species. 
 ‘Bulk’ catalyst powders, instead of the actual thin layer of catalyst on the Al foil, were 
used for such investigations. There are two reasons for adopting a separate procedure to 
prepare bulk catalyst mixtures. Firstly, the thin catalyst layer (formed from ~7 µL solution) on 
the foil will be difficult to characterize precisely by XRD due to its low volume. Secondly, the 
thin layer on the Al foil is subject to instantaneous oxidation from ambient air upon removal 
from the reactor, whereas the bulk mixture gets oxidized only on the surface, while leaving 
the reduced products in the core. 
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Each of the six supported catalyst solutions was filled in separate quartz boats and 
subjected to decomposition and reduction in the CVD reactor. After the solution was 
introduced into CVD chamber, the reactor was evacuated to a similar pressure level (~3 
mbar) as for the routine CVD process. This step was followed by a regular reduction process 
under a stream of Ar-H2 mixture at the respective flow rates of 200 sccm and 45 sccm at 
atmospheric pressure. The temperature of the reactor was raised to 645 °C during reduction. 
In addition to the six supported catalyst solutions, the five 0.1M solutions of the respective 
individual salts (nitrates of Fe, Co, Ni, Al, Mn) in absolute ethanol were also reduced in a 
similar fashion. The final catalyst products obtained after reduction were in the form of 
compact, bulk aggregates which were then investigated by x-ray diffraction (XRD), and a few 
by TEM. Thermodynamic calculations were performed for all the possible reduction 
reactions in each case and the results were compared with the XRD findings. 
 
4.3 Results and Discussion 
4.3.1 Surface topography of the Al foil 
Surface roughness of a substrate plays an important role in governing the size and spatial 
distribution of the catalyst nanoparticles and, thereby, the diameter and arrangement of the 
resulting CNTs [KhaCV12]. Figure 4.1 shows the surface topography of the aluminum foil 
used in the present study. The SEM image of the foil reveals coarse, linear grooves over the 
surface indicating the rolling direction of the foil during its manufacturing. The 3D surface 
profile measured by AFM is presented in the inset of Figure 4.1. The average surface 
roughness (Sa) of the aluminum foil, measured at various locations, was 39±10 nm. A surface 
exhibiting an average roughness in the range of a few tens of nanometers facilitates a fine 
dispersion and anchoring of catalyst nanoparticles and thus improves the adhesion of CNTs 
grown from these particles. Further, the locally sharp edges confine the nanoparticles to 
themselves due to their high surface energy, leading to a smaller distribution of particle sizes 
[WarCP03]. It is essential to optimize the degree of roughness since a highly uneven surface 
leads to accumulation of catalyst in the large pits and an extremely smooth surface results in 
the agglomeration of nanoparticles (due to surface migration) at high CVD temperatures, 
both resulting in a non-homogeneous growth of CNTs. 
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Figure 4.1: Scanning electron microscopic image showing the topography of the Al foil (image taken 
at 60° tilt), the inset showing a 3D profile of the surface measured with AFM. 
 
4.3.2. Constitution of the catalyst species after decomposition and reduction 
The XRD investigations of the catalyst powder samples clearly revealed that the respective 
active catalyst compounds, namely Fe-, Co-, and Ni-, were reduced successfully to their 
respective metallic states, whereas the second phase in each case was either amorphous 
aluminum oxide or manganese oxide (MnO) (see Figure 4.2). No defined reflexes were 
recorded from aluminum oxide, suggesting that the respective oxide existed in an 
amorphous state. Other forms of amorphous oxides or spinels of Fe/Co/Ni may also exist in 
very small amounts, which however could not be detected in the XRD patterns. The 
presence of sharp MnO peaks in case of MnO- supported catalysts reveals that it exists in 
cubic crystalline structure. No other manganese oxide phases were observed. Although the 
crystallite size could be derived using the Scherrer equation based on the full width at half 
maximum (FWHM) of the peak, it is not clear if the particles contained one or more 
crystallites. Since the FWHMs in the catalyst mixtures reported in our study are all nearly the 
same, no large difference in the crystallite sizes is expected. The peak intensities of different 
mixtures reflect the total scattering from each plane in the crystal structure of the particular 
phase, which indicates the relative proportion of that particular phase in the multiphase 
mixture. 
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Figure 4.2: XRD patterns of the decomposed and reduced catalyst species: a) Fe/Al2O3, b) Co/Al2O3, c) 
Ni/Al2O3, d) Fe/MnO, e) Co/MnO, and f) Ni/MnO. 
 
The classical supported-catalyst that has been in wide use for the growth of thin, 
aligned CNTs is Fe/Al2O3. It was already reported that under similar experimental conditions 
as followed in the present study, a combination of Fe and Al nitrates resulted in the 
formation of Fe nanoparticles dispersed uniformly among Al2O3 particles upon 
decomposition of the salts and reduction of the oxides [ParNT07]. Similarly, as will be shown 
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in the upcoming Section 4.3.4, the formation of fully or partly reduced Co and Ni 
nanoparticles is thermodynamically favoured under the given experimental conditions. 
Vogelaar et al. discussed the possible phases that form after the reduction of oxide mixtures 
of Co/Al and Ni/Al [VogCT11]. With the coating procedure adopted in the current study, it is 
likely that Ni (or Co) exists in the form of well dispersed oxides amidst Al2O3, immediately 
after decomposition of the respective nitrates. Subsequent reduction of these oxides at 645 
°C leads to the formation of fine, nanometer-sized metallic particles of Ni (or Co) amidst 
Al2O3. For Ni, reduced from its oxide, a substantial increase in the particle size due to 
sintering above 550 °C was reported [VogCT11]. On the other hand, the metallic Co 
nanoparticles do not tend to agglomerate at the reaction temperature employed in the 
present work, unless held for long durations (several hours). Hence, Co probably exists as 
much finer particles in the Al2O3 network, compared to the reduced Ni particles. Since the 
XRD patterns provided in Figure 4.2 show the respective phases existing in the catalyst 
mixtures only in the final stage, the thermodynamic data presented in Section 4.3.4 will be 
used to understand the formation of the intermediate phases during the decomposition and 
reduction stages. 
 It is speculated that the distribution of Fe, Co, or Ni in the MnO-supported catalyst 
mixtures would be nearly similar to Al2O3-supported mixtures, as Tessonnier et al. have also 
observed the formation of metallic Co as well as MnO phases after the decomposition and 
reduction of Co and Mn nitrates at 650 °C [TesCC10]. CNTs grown from the Al2O3- and MnO-
supported catalyst mixtures are compared in the next section. 
 
4.3.3. Morphology of CNTs on various catalyst mixtures 
Synthesis of CNTs on the six catalyst combinations was performed by means of thermal CVD 
of acetylene under identical conditions. The following results show significant differences in 
the morphology of the nanotube forests depending on the catalyst combination used. The 
effect of Fe, Co, and Ni, in combination with Al2O3 or MnO, is demonstrated in the following 
SEM images (in combination with Al2O3: Figure 4.3; and in combination with MnO: Figure 
4.4). The figures in the left column show overall features of the nanotube arrays over a large 
surface area of the substrate, while those in the right column show a detailed structure of 
the local CNT alignment/misalignment.  
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Figure 4.3: Side-view images of CNTs grown on Al foil, using different catalyst combinations: (a,b) 
Fe/Al2O3, (c,d) Co/Al2O3, (e,f) Ni/Al2O3 by thermal CVD using acetylene. (Images shown in b, d and f 
are the higher magnifications of the images shown in a, c and e respectively). 
 
Figure 4.3 (a) reveals a pronounced growth and a fairly even distribution of 
nanotubes on the Al foil, coated with Fe/Al2O3. The nanotubes existed in the form of bushes, 
which were not perfectly vertical, but slightly tilted. However, they were locally aligned over 
a large surface area of the foil. The non-uniform coverage was mainly attributed to the 
irregular deep grooves on a highly malleable Al foil. Co/Al2O3 (Figure 4.3 (c)) and Ni/Al2O3 
(Figure 4.3 (e)) catalysts yielded rather short CNTs. A higher magnification of the respective 
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sample surfaces reveals a high degree of local alignment of the nanotubes grown with the 
Fe/Al2O3 catalyst combination, as seen in Figure 4.3 (b). The average length of these 
nanotubes was measured as 45 µm with an average diameter slightly less than 10 nm. 
Conversely, CNT arrays grown using Co/Al2O3 showed a partially aligned structure with 
rather short nanotubes, with an average length of nearly 3.5 µm and an average diameter of 
nearly 10 nm (Figure 4.3 (d)). Apparently, Ni/Al2O3 catalyst resulted in entangled CNTs. 
(Figure 4.3 (f)). The average diameter in the latter case was 25 nm. The length of these 
nanotubes could not be determined due to a highly disordered and intricate structure. 
The effect of Fe, Co and Ni, in combination with MnO, on the growth morphology of 
nanotubes on the Al foil is demonstrated by SEM images shown in Figure 4.4. Vertically 
aligned nanotubes with an average length of around 17 µm and an average diameter of less 
than 20 nm were grown uniformly on the Al foil coated with Fe/MnO (Figures 4.4 (a,b)). 
Well-aligned and uniformly grown nanotubes of length 25-40 µm with an average diameter 
of 15-20 nm were realized on the Al foil coated with Co/MnO (Figures 4.4 (c,d)). However, 
bulk deposits of carbon debris, probably amorphous carbon, were also found to have 
deposited on the top of these nanotube arrays. In the case of Ni/MnO catalyst combination, 
very short and entangled nanotubes with a wide diameter range of 20-50 nm were yielded. 
In summary, Fe/Al2O3, Fe/MnO, and Co/MnO catalyst combinations resulted in a uniform 
growth of VACNTs on Al foils by thermal CVD. Table 1 shows a comparison of the average 
lengths and diameters of the nanotubes synthesized using different catalyst combinations. 
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Figure 4.4: Side-view images of CNTs grown on Al foil, using different catalyst combinations: (a,b) 
Fe/MnO, (c,d) Co/MnO, (e,f) Ni/MnO by thermal CVD using acetylene. (Images shown in b, d and f 
are the higher magnifications of the images shown in a, c and e respectively). 
Table 4.1: Average lengths and diameters of nanotubes synthesized using different catalyst 
combinations. 
Catalyst combination 
Average length 
(µm) 
Average diameter 
(nm) 
Fe/Al2O3 40±5 10±5 
Co/Al2O3 3.5±1 10±5 
Ni/Al2O3 - 20-30 
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Fe/MnO 17±3 17±2 
Co/MnO 25-40 17±3 
Ni/MnO - 35±15 
                                                                                                                               
4.3.4. Estimation of equilibrium catalyst phases by thermodynamic calculations 
The possible transformations of the supported catalysts used in the current study were 
investigated theoretically with the help of thermodynamic calculations. The SEM images 
shown in Figures 4.3 and 4.4 indicate that Fe/Al2O3, Fe/MnO, and Co/MnO catalyst 
combinations yielded relatively long and thin, well-aligned CNTs compared with the rest of 
the supported catalysts. The thick and entangled CNTs formed on Ni-based catalysts is 
probably a result of a poor distribution or a large diameter of the Ni nanoparticles or both. 
The formation of large Ni particle aggregates could be attributed to excessive sintering of Ni 
nanoparticles at 645 °C [VogCT11]. The XRD results confirm that, in all cases, the three active 
catalysts (Fe, Co, and Ni) were present in their reduced (metallic) form, while Al and Mn 
always existed in their respective oxidized states (Al3+, Mn2+). There are considerable 
differences in the morphology, as well as in the length and the diameter of the resulting 
nanotubes in various cases, depending on the size and distribution of the catalyst particles. 
Also, since Mn, Fe, Co, and Ni occur as neighbouring elements in the periodic table, a 
particular trend in their reduction characteristics may exist among them. Hence, a deeper 
analysis of this subject from a thermodynamic perspective has been performed. 
Analyzing the transformation sequence of an individual supported catalyst: the initial 
phases existing at room temperature constitute the respective nitrates of both the active 
(Fe/Co/Ni) as well as the supporting elements (Al/Mn) of the catalyst precursor. Upon 
heating the catalyst-loaded substrate inside the reactor, the elemental nitrates decompose 
into their respective oxides, which are eventually reduced with H2 available in the feedstock. 
A detailed analysis of the temperature-programmed reduction (TPR) of alumina-supported 
Fe, Co, and Ni catalysts with H2 was presented by Brown et al [BroAP82]. The reduction of 
Ni2+ was reported to occur at temperatures around 420 °C, while that of Co2+ and Fe3+ starts 
at around 300 °C. The reduction of Fe-containing spinel (FeO·Al2O3), however, is possible 
only at temperatures beyond 1000 °C due to the strong interaction of the Fe ions with the 
alumina support layer. Similarly, the reduction of Ni spinel (NiO·Al2O3) with H2 was reported 
to take place at around 750 °C, which is also beyond the reaction temperature employed in 
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the current study [LiTA95]. In the present case, the unreduced (residual) oxides and/or 
spinels have a tendency to be reduced additionally by active carbon (originating from 
acetylene decomposition) and CO (a product of reduction of metallic oxides with C). Hence, 
the main reducing agents are assumed to be H2, C and CO giving H2O, CO, and CO2, 
respectively, as by-products. The reducing ability of each of these three reducing agents is 
studied by plotting the change in the Gibbs free energy (ΔG) of the corresponding reaction 
with respect to temperature [KnaS91]. The most favourable reduction reactions can be 
analyzed from these dependencies, as presented in Figure 4.5. It is imperative to note that 
the oxide species of active catalysts (Co, Ni), with exception to Fe, are reduced by H2 even 
before the hydrocarbon source is passed. Only a fractional amount of Co/Ni oxides may be 
present beyond this time that may well be reduced eventually by C and CO. Hence, H2 is 
considered to be the main reducing agent in this process. 
From Figure 4.5, it is clear that Mn exhibits the largest number of oxide phases, 
namely MnO2, Mn2O3, MnMn2O4 (or Mn3O4), and MnO, compared to the other elements in 
discussion. Among these four oxides, MnO2 is the least stable phase in the temperature 
range shown in the figure. Thus it readily transforms into Mn2O3 upon reduction with H2, 
even before reaching the reaction temperature. Similarly, the other two oxides (Mn2O3 and 
Mn3O4) reduce to MnO by step-wise reduction, as represented by a negative ΔG of the 
reduction reactions with any of the three reducing agents mentioned above. The reduction 
of MnO to metallic Mn is, however, thermodynamically not feasible, as indicated by a large 
positive ΔG. Hence, MnO is the most favourable phase exhibited in the catalyst combination 
at the reaction temperature employed. Fe, an active catalyst component, exhibits three 
oxide phases, namely Fe2O3, FeFe2O4 (or Fe3O4), and FeO. Fe2O3 may easily reduce to give 
FeFe2O4. However, the reduction of FeFe2O4 to FeO and the further reduction of FeO to 
metallic Fe are difficult to bring about, as per the thermodynamic data. It may also be 
possible that the ΔG of both these reduction reactions, being close to zero, could result in an 
equilibrium state between the oxide and the metal, leading to a uniform distribution of very 
fine nanoparticles of both Fe oxides (FeFe2O4 and FeO) along with Fe. These fine Fe oxide 
particles further prevent agglomeration of metallic Fe nanoparticles and thus help to obtain 
thin, aligned nanotubes. Co, the element next to Fe in the periodic table, exhibits only two 
oxide phases, CoCo2O4 (or Co3O4) and CoO. Both these Co oxides can be easily reduced to a 
lower oxide state and ultimately to metallic Co, since their ΔG is apparently less than zero. 
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Thus, the reduction of CoO to Co is much easier compared to the reduction of FeO to Fe, 
with respect to the corresponding ΔG values or the number of intermediate steps involved. 
The third active metal catalyst, Ni, can be easily reduced from its only oxide phase, NiO. 
Thus, metallic Ni has a higher tendency to sinter at the reaction temperature, compared to 
Co or Fe [VogCT11]. Al2O3, known for its high stability, remains an oxide phase because of its 
very high ΔG for reduction with H2 in the whole temperature range indicated in Figure 4.5. 
Reduction with H2 is discussed with prime importance as the reactor was flushed with a 
mixture of H2 and Ar up to 645 °C. Hence, the majority of the thermodynamically feasible 
reduction reactions discussed occurs in the presence of H2. 
When acetylene is passed at the reaction temperature, it decomposes into various 
other compounds. Among them, active carbon (C) and CO act as reducing agents as stated 
earlier. The reducing ability of C at the reaction temperature is almost same as that of H2. At 
higher temperatures, however, the reducing ability of C increases (as observed from the 
slopes of the reduction reactions in Figure 4.5/2nd column). Also, the reducing ability of CO at 
the reaction temperature is similar to that of H2, although it decreases slightly with 
increasing temperature (Figure 4.5/3rd column). 
Following these considerations, a qualitative hypothesis, based on the 
thermodynamics of the reduction reactions involving the catalyst components, can be 
proposed to understand the correlation between the morphology of the nanotube arrays 
and the catalyst combination used. The decomposition of a catalyst precursor (respective 
nitrates) on the surface of the foil may initially lead to the formation of respective metallic 
oxides (e.g., FeO in case of Fe-containing catalyst). Since the catalyst exists in a combined 
form, a strong interaction between the two components of each catalyst combination may 
account for the additional formation of complex spinel structures (e.g., FeO·Al2O3). The 
reduction characteristics are different for both the oxide and spinel phases. The main idea of 
this hypothesis is based on the requirement of equilibrium between either the oxide or the 
spinel phase on the one hand, and the metallic phase on the other hand that would generate 
well-dispersed, nanometer-sized ‘seeds’ for CNT growth.  
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Figure 4.5: Free energy change of the reduction reactions of different metal oxides with respect to 
temperature. Reduction reactions with the highly plausible reducing agents (H2, C, and CO) are 
presented [KnaS91]. 
 
For the Fe-based catalyst, Fe/Al2O3, the reduction characteristics of the oxide (FeO) 
and the spinel (FeO·Al2O3) phases with H2 are shown in Figure 4.6 (a). The reduction of both 
phases potentially results in the formation of metallic Fe, however the reduction of 
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FeO·Al2O3 to metallic Fe is much harder than the reduction of FeO to Fe, as suggested by the 
corresponding ΔG values (+29 kJ mol-1 and +6.5 kJ mol-1, respectively) at 645 °C. The ΔG 
value for the reduction of FeO, being close to zero, indicates that there may be an 
equilibrium existing between the oxide (FeO) and the metallic (Fe) phases. Such a situation is 
highly favourable for the nucleation of nanometer-sized metallic particles upon reduction. 
Further, the presence of the oxide phase, as well as the unreduced spinel phases, prevents 
these nanoparticles from agglomeration. Thus, a uniform distribution and a high surface 
density of active catalyst nanoparticles lead to the formation of thin, uniformly distributed 
and aligned nanotube arrays during the synthesis stage. Hence, the existence of equilibrium 
between the FeO and Fe phases of the catalyst was essential for the growth of thin and 
uniformly distributed nanotubes. 
 
 
Figure 4.6: Reduction of various compounds with H2: a) Fe/Al2O3, b) Co/Al2O3, c) Ni/Al2O3, and d) 
Fe/MnO. Dashed lines represent the reduction reaction of spinels and the solid lines represent the 
reduction reaction of the corresponding oxides. 
 
In the case of Co/Al2O3 catalyst combination, the oxide and spinel phases present are 
CoO and CoO·Al2O3, respectively. Unlike FeO, CoO reduces to metallic Co more easily as 
evident from a negative ΔG (-28.2 kJ mol-1), as shown in Figure 4.6 (b). This may lead to the 
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agglomeration of Co nanoparticles, which are only slightly favourable for the growth of thin 
and aligned CNTs. The Co spinel (CoO·Al2O3), however, exhibits a near equilibrium with 
metallic Co, with a ΔG value of about 1 kJ mol-1. Such an equilibrium between CoO·Al2O3 and 
Co in the Al2O3 matrix may lead to the formation and stabilization of uniformly distributed 
nanometer-sized Co particles, as in the case of Fe/Al2O3. In the case of Ni/Al2O3 catalyst 
combination, it is evident from Figure 4.6 (c) that both the oxide and the spinel phases are 
reduced very easily to the metallic state. The ΔG values for the reduction of the NiO and 
NiO·Al2O3 phases are -41 kJ mol-1 and -27 kJ mol-1, respectively. Hence, Ni oxides and spinels 
are completely reduced to metallic Ni, which has a higher tendency to agglomerate on the 
Al2O3 matrix. 
Moreover, it is known that the melting temperature for small diameter particles is 
depressed by the Gibbs-Thomson effect [ShiCP08, ShiCP09]: 
     ΔT = 4·TM·σSL / ρS·ΔH·d                … (4.1) 
where TM is the melting point of the bulk system, σSL is the solid–liquid interfacial energy, ρS 
is the number density of the solid phase, ΔH is the latent heat, and d is the diameter of the 
spherical particle. 
Accordingly, a firm oxide/spinel matrix would suppress the lateral diffusion of these 
semi-liquid metallic nanoparticles, which have an inherently higher tendency to diffuse over 
the substrate surface. The Ni/Al2O3 combination is less effective in preventing such a surface 
diffusion and agglomeration, compared to Fe/Al2O3 and Co/Al2O3. This may have resulted in 
the growth of thick nanotubes in the case of the Ni/Al2O3 combined catalyst. This hypothesis 
could also explain the observations made by Vogelaar et al on the substantial increase in the 
particle size of Ni in a Ni/Al2O3 catalyst combination, compared to Co in a Co/Al2O3 catalyst 
combination [VogCT11]. 
TEM images of two of the catalyst powder mixtures, namely Ni/MnO and Fe/Al2O3, 
shown in Figure 4.7 corroborate well with the hypothesis. The particle size of Ni in Ni/MnO 
was in the range of 30-70 nm, while that of Fe in Fe/Al2O3 was in the range of 8-15 nm. 
Evidently, the size distribution of Fe in Fe/Al2O3 is far more uniform. As shown in Figure 4.7 
(a), the matrix surrounding the larger Ni nanoparticles was manganese oxide, where as the 
matrix surrounding the finer Fe nanoparticles in Figure 4.7 (b) was aluminum oxide. 
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Figure 4.7: TEM images showing the size distribution of (a) Ni in the catalyst mixture Ni/MnO and (b) 
Fe in the catalyst mixture Fe/Al2O3. 
 
For a better understanding of the described transformations, the chemical state and 
the structural arrangement of catalyst phases in Fe/Al2O3, Co/Al2O3, and Ni/Al2O3 catalyst 
mixtures are represented in the form of graphical schematics in Figure 4.8. Figure 4.8 (a) 
shows the general structure of any of the three catalyst mixtures after decomposition of 
initial metal nitrates and prior to reduction with H2. We assume that the solid phase is 
composed of Al2O3 (white), metal oxide (red), and metal oxide-Al2O3 spinel (blue) phases 
intermixed with one another. The green phase (absent in the initial unreduced state) 
represents the metallic state. Figures 4.8 (b-d) show the structure of the catalyst layers 
containing Fe, Co, and Ni, respectively, after reduction and prior to the exposure to 
acetylene. Depending on the reduction tendencies of different phases in the different 
catalyst combinations described above, various structures would result after reduction, as 
shown in Figures 4.8 (b-d). 
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Figure 4.8: Graphical colour schematics of a) decomposition of metal nitrates, and the reduction 
process of b) Fe/Al2O3, c) Co/Al2O3, and d) Ni/Al2O3 catalyst combinations. 
 
The reduction characteristics of the combined catalysts involving MnO are assumed 
to be quite similar to those observed for catalysts involving Al2O3. For instance, the ΔG 
values for the reduction reactions of the oxide and spinel phases, Fe2O3 and MnO·Fe2O3, at 
645 °C are -11 and 13 kJ mol-1, respectively (see Figure 4.6 (d)). MnO·Fe2O3 is difficult to 
reduce, and this may result in partial reduction and formation of ultra-fine Fe particles, well-
distributed among the unreduced spinel phase. Thus, the diameter of the CNTs grown on 
Fe/MnO catalyst mixture may be much smaller than that of the CNTs grown on Ni-based 
catalysts. The reduction characteristics of Co/MnO and Ni/MnO may also be assumed to vary 
in the same manner; however this could not be confirmed due to the unavailability of 
appropriate thermodynamic data in the literature for the latter two cases. 
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Chapter 5 
 
Synthesis and emission behaviour of CNTs on 
electrically conductive substrates 
 
 
5.1 Introduction 
Growth of MWCNTs was performed on a variety of substrates namely: stainless steel, Cu, 
Mo, graphite, few-layer graphene papers and carbon nanowalls (CNWs). The growth 
morphology, as well as the field emission characteristics of CNTs on different substrates will 
be discussed in this chapter. Thermal CVD was employed for the growth of CNTs and the 3 
major growth variables were the catalyst composition, hydrocarbon gas and its 
concentration, and CVD temperature. All field emission measurements were performed 
within the framework of BMBF-project ‘CarboFEM’ by Ms. D. Wenger and Dr. S. F. Tedde 
from Siemens AG, Erlangen. The field emission characteristics of CNTs grown on the different 
substrates are compared with each other in terms of emission current density (J) vs. electric 
field (E), Fowler-Nordheim plots and long-term stability measurements. The experimental 
procedure was followed as described in Section 3.6.1 of Chapter 3. 
 
5.2 CNTs on Stainless Steel 
As described in Section 4.3.1, the surface topography and roughness of a substrate play an 
important role in influencing the diameter, diameter distribution and the spatial distribution 
of CNTs. The 304 stainless steel substrates (Fe-(<0.1%)C-(17-19%)Cr-(8-10%)Ni) were 
polished mechanically using emery papers, the finest paper being P2400. The SEM images of 
the steel surface after polishing are shown in Figure 5.1. 
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Figure 5.1: SEM image of the stainless steel surface after polishing and prior to CVD. The inset on left 
shows the 2D surface profile as imaged by AFM and the inset on right shows a higher magnification 
SEM image. 
 
The image shows that the surface of the stainless steel is not polished to a mirror 
finish, but rather left with visible polishing streaks. This was done deliberately so that the 
catalyst nanoparticles, which would later be deposited, could be held and anchored in 
between the fine grooves [KhaCV12, WarCP03]. The micrograph in the inset shows the same 
surface at a higher magnification. The other inset of the figure shows the 2D surface profile 
measured by AFM. The average areal surface roughness (Sa) was measured as 64.6 nm (root 
mean squared roughness (Sq) and the maximum height of the surface (Sz) were 84 nm and 
513 nm respectively). 
Since stainless steel inherently contains Fe as the main component and Ni (Ni forms a 
solid solution with Fe) as an alloying element, both of which are considered as catalysts for 
CNT growth, initial experiments were conducted directly on the substrates without using any 
external catalyst. The following sub-sections thus present the corresponding results on 
stainless steel starting with (a) direct growth of CNTs on stainless steel, (b) growth of CNTs 
on heat-treated stainless steel, (c) growth of CNTs on masked heat-treated stainless steel 
and then (d) growth of CNTs using an external catalyst.  
 
5.2.1 Thermal CVD on polished stainless steel 
Thermal CVD was performed separately using acetylene (C2H2), ethylene (C2H4), methane 
(CH4) and ethane (C2H6) as precursor gases, at different temperatures: 650 °C, 750 °C and 
850 °C. Figure 5.2 shows the micrographs of the steel substrate after CVD with acetylene. 
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Figure 5.2: Stainless steel surface after thermal CVD with acetylene at (a) 650 °C, (b) 750 °C and (c) 
850 °C for 20 min. 
 
The elements Fe and Ni present in the stainless steel are known to act as catalysts for 
CNT growth. However, both these elements are inactive mainly due to their bulk volume and 
the absence of a well-dispersed nanocrystalline texture on the surface. Moreover, the 
surface of stainless steel is covered with a Cr-rich oxide layer, meant to protect the alloy 
against corrosion/oxidation [MasL07]. Hence, a direct CVD on the surface of polished 
stainless steel did not result in an efficient growth of CNTs, as shown in figure 5.2. The result 
was similar with other hydrocarbon gases at different temperatures (images not shown). 
 
5.2.2 Thermal CVD on heat-treated stainless steel 
While the untreated stainless steel surface could not provide a catalytically active surface for 
the nucleation of CNTs, some pre-treatments were performed to render active sites for the 
CNT growth. These included acid treatment and heat treatment, although only the latter will 
be presented in this section due to its better reproducibility. 
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Figure 5.3: Scanning electron micrographs of (a) untreated, polished stainless steel substrate and (b) 
polished stainless steel substrate after an oxidizing treatment in air at 800 °C for 1 hour. The inset 
shows faceted oxidized surface at a higher magnification. 
 
The polished steel samples were oxidized in air at 800 °C for 1 hour and subsequently 
reduced in 45 sccm H2 combined with 200 sccm Ar at 650 °C. CVD was carried out 
immediately after the reduction process. During the oxidation step, the thin nascent oxide 
film on the steel surface grows thicker and leads to an increase in the surface stresses, 
leading to surface break up. The surface break up increases the surface area and the density 
of the crystallographic defects by adding cracks and asperities [VanC03]. Further, the lattice 
constant mismatch between the oxide and the underlying metal, as well as the grain 
boundaries, leads to significant surface roughening and fracturing. The micrographs shown 
in Figure 5.3 provide the contrast in surface topography between the polished and heat-
treated steel samples. The oxidized substrate, composed of a faceted structure, shows 
significant roughening of the surface. Thus, the oxidation-reduction treatment not only 
offers an increased surface area, but also produces ultrafine Fe nanoparticles on the surface, 
which are conducive for CNT nucleation and growth [SacJC84, KocJC85, SacJC89, GeuC92, 
CarL02, JohNR01]. 
 Thermal CVD with C2H2 as precursor resulted in the growth of entangled multi-walled 
CNTs. The diameter of the CNTs was in the range of 30-80 nm. Figure 5.4 shows an SEM 
image of the CNTs grown on oxidized-and-reduced stainless steel. The lower magnification 
image shows typical cluster-like growth of the CNTs, while the inset shows a higher 
magnification of the same. The growth of CNTs in clusters may be explained according to the 
schematic presented in Figure 5.5. 
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Figure 5.4: Scanning electron micrograph showing a dense growth of entangled CNTs on oxidized-
and-reduced stainless steel surface. Inset shows a higher magnification of the same. 
 
 
 
 
Figure 5.5: Schematic explaining the morphologies of CNTs grown on oxidized 304 stainless steel 
substrates by CVD. (a) Initial stages of oxidation showing diffusion of Fe to the surface of the steel, 
(b) clustering of Fe particles after 1 hour of oxidation and the growth of CNTs upon reduction and 
CVD (as performed in the present study), (c) excessive coalescence of Fe particles after 2 hours of 
oxidation and the formation of an amorphous mushroom-like top above the CNTs, upon reduction 
and CVD (not performed in the present study) [SanCE14]. 
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The concentration of metallic Fe on the outermost surface of stainless steel is almost 
zero due to a uniform coverage by Cr2O3 layer. Upon oxidation of steel, Fe present in the 
subsurface diffuses onto the top of the Cr-rich layer (Figure 5.5 (a)). Sabioni et al. reported 
that Fe can indeed diffuse through the surface layer of oxidized Cr of stainless steel toward 
outermost surface at an elevated temperature, leading to an increase in the amount of Fe at 
the outermost surface [SabMS05]. Excessive oxidation leads to accumulation of Fe oxide 
particles as clusters on the steel surface, leading to an amorphous carbon layer on the top of 
CNTs, upon reduction and CVD (Figure 5.5 (c)). Sano et al reported similar results on stainless 
steel upon oxidation for 2 hours [SanCE14]. In the present case, the oxidation was limited to 
1 hour and then reduction and CVD were carried out. Hence, the diffusion of Fe was limited 
and CNTs were grown without an amorphous carbon layer on the top of the CNTs (See inset 
of Figure 5.4 and Figure 5.5 (b)). Although the duration of oxidation was limited to 1 hour in 
the present study, the schematics representing a 2-hour oxidation treatment were also 
shown in Figure 5.5 (c) for the sake of comparison and better understanding. 
 
5.2.3 Thermal CVD on ‘masked’ heat-treated stainless steel 
The CNTs synthesized directly on heat-treated stainless steel substrates are rather thick and 
very densely packed (see Figure 5.4). In view of their field emission application, the surface 
density/spatial distribution of CNTs must be reduced so as to mitigate the field screening 
effect, as discussed in Chapter 2. Moreover, a thinner diameter of CNTs would offer a higher 
aspect ratio and a higher electron emission density. Hence, a simple masking technique was 
tried to reduce the number of active sites on the substrate. The oxidized stainless steel 
substrates were drop-coated with a finite amount of xM Al(NO3)3 solution in absolute 
ethanol, x varied as 0.001, 0.01, 0.05, 0.1 and 0.3. These substrates were then dried at ~80 
°C in air and subjected to reduction and CVD in the same way as explained in the previous 
section. 
 The oxidation of Al(NO3)3 gives rise to a thin Al2O3 film, which is an inert oxide 
covering the surface of stainless steel. Thus the concentration of the solution can be 
adjusted qualitatively depending on the surface coverage desired. The higher the 
concentration of Al(NO3)3, the greater is the surface coverage of Al2O3 on the stainless steel 
and the fewer are the Fe-rich sites exposed to the hydrocarbon gas during CVD. The 
micrographs shown in Figure 5.6, through (a) to (e) clearly show the outcome of this trial. 
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Even with the least concentration of Al(NO3)3, the surface coverage of the CNTs is 
considerably lowered and the diameter decreased, compared to CNTs on heat-treated steel 
(compare Figure 5.6 (a) with Figure 5.4). The diameter of CNTs shown in Figure 5.6 (a) was in 
the range of 15-25 nm, where as that of CNTs grown directly on heat-treated stainless steel 
was in the range of 30-80 nm. 
 
 
Figure 5.6: Scanning electron micrographs showing the CNT growth on heat-treated stainless steel 
substrates masked (or drop-coated) with (a) 0.001M Al(NO3)3, (b) 0.01M Al(NO3)3, (c) 0.05M Al(NO3)3, 
(d) 0.1M Al(NO3)3 and (e) 0.3M Al(NO3)3 in absolute ethanol. Insets show higher magnification images 
of the respective surfaces. 
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Diameter of the CNTs further decreases to 12-15 nm, along with a decrease in the 
length and surface density, when a higher concentration of 0.01M Al(NO3)3 is used for 
masking. However, with further increase in the concentration of Al(NO3)3 from 0.01M to 
0.1M, the Al2O3 layer masks the majority of the steel surface during CVD, leaving very few 
sites for CNT nucleation. This can be observed from an inconsistent increase in the diameter 
distribution, as well as the diameter itself, and a significant decrease in the surface coverage 
of CNTs through 0.01M to 0.1M Al(NO3)3 (Figure 5.6 (b) through (d)). With 0.1M Al(NO3)3, 
the steel surface is almost entirely covered with Al2O3 layer resulting in an inadequate CNT 
nucleation (Figure 5.6 (d)). Interestingly with 0.3M Al(NO3)3, the surface coverage of CNTs 
seems to increase locally (inset of Figure 5.6 (e)) because the thick Al2O3 layer breaks into 
discrete fragments, yet again exposing the Fe-rich surface of the oxidized steel at random 
locations (as can be seen from the lower magnification image of the surface in Figure 5.6 
(e)). Hence, the concentration of Al(NO3)3 should be controlled carefully in order to 
manipulate the diameter and surface coverage of CNTs on heat-treated stainless steel. 
 Raman spectra were obtained from MWCNTs produced on the surface of heat-
treated stainless steel samples presented in Sections 5.2.2 and 5.2.3 (with the 2 lowest 
concentrations of Al(NO3)3). Figure 5.7 shows the relative intensities of peaks corresponding 
to the disordered structure (D-peak) at 1334 cm-1 and graphitic structure (G-peak) at 1595 
cm-1. The ratio of the intensities of D-peak to the G-peak (ID/IG ratio) indicates the crystalline 
nature of the CNTs. The lower the ID/IG ratio, the better is the crystallinity of CNTs and the 
fewer are imperfections. In the spectra shown in Figure 5.7, the intensity of D peak is 
comparable to that of G peak and the average ID/IG ratio is 1.02. This ratio is comparable 
with that of the MWCNTs grown on heat-treated stainless steel substrates reported 
elsewhere [SanCE14]. 
 Although thin and sparsely distributed nanotubes could be grown on heat-treated 
stainless steel drop-coated with a controlled amount of Al(NO3)3 solution, there were often 
large agglomerates of thick (~80-100 nm in diameter) carbon nanotubes/nanofibers 
nucleated at random locations on the surface, probably at the locations where the Al2O3 
surface coverage was not uniform/adequate. This phenomenon was observed in several 
reproduced experiments. Hence, in an attempt to further improve the consistency of the 
CNT diameter and surface coverage together, ‘well-defined’ Fe nanoparticles were supplied 
in the form of an external catalyst by drop-coating, as discussed in the next section. 
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Figure 5.7: Raman spectra obtained from MWCNTs grown on various heat-treated stainless steel 
substrates. The spectra are labelled with the respective figure numbers, indicating the particular 
sample. 
 
5.2.4 Thermal CVD on drop-coated stainless steel 
The polished stainless steel substrates were directly drop-coated with an ethanol solution 
containing 0.1M Fe(NO3)3 and 0.1M Al(NO3)3. The substrates were then dried at ~80 °C in air 
and subjected to reduction and CVD. 
 
Figure 5.8: Scanning electron micrographs showing (a) a dense growth of entangled CNTs on stainless 
steel substrate drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol (inset shows a higher 
magnification of the same), (b) a small region of the CNT forest on the same sample showing 
nanotubes that are locally aligned (top-view), Inset: TEM image of individual MWCNTs. 
 
 
The morphology of the CNTs shown in Figure 5.8 clearly indicates that the surface 
density of CNTs is still high, but the diameter is small and the diameter distribution of the 
CNTs is narrow. The average diameter of the multi-walled CNTs was 20±5 nm. A local 
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alignment of the CNTs, as shown in Figure 5.8 (b), was found at random locations on various 
samples produced in different experimental runs. In contrast to the experimental trials on 
steel demonstrated in the previous sections, the Fe particles in this case result from an 
external catalyst solution. Hence, the catalyst particles conform to a definite nanometer-size 
range with a narrow size distribution. The inset of Figure 5.8 (b) shows a TEM micrograph of 
the CNTs, along with the encapsulated catalyst particle, suggesting the growth mechanism of 
CNTs as tip-growth. The Raman spectra of these CNTs are shown below in Figure 5.9. The 
three different spectra (orange, blue and green) were collected from three random samples 
prepared under identical conditions. The ID/IG ratio of the CNTs was approximately equal to 
1. The graphitization of the CNTs may be stated as quite good, considering the inherent 
inferior ID/IG ratio of MWCNTs compared to that of SWCNTs. An additional G’ peak that can 
be observed at 2682 cm-1 is an overtone of the D-band and indicates an inelastic phonon 
scattering process [DrePR05, SoiRS10]. 
 
 
Figure 5.9: Raman spectra collected from a dense forest of entangled CNTs on three different 
stainless steel substrates, all drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol prior to 
thermal CVD. 
 
Emission Characteristics: 
The most direct evaluation of the emission characteristics of CNTs can be made from simple 
current (I)/current density (J) vs. applied voltage (V)/electric field (E) plots. The important 
emission parameters of interest are the maximum emission current density (Jmax), threshold 
field (ETh) and field enhancement factor (β), as already demonstrated in Chapter 2. Jmax and 
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ETh can be determined from JE plots, whereas β can be calculated from the slope of the 
Fowler-Nordheim plots (or FN plots). In addition to these parameters, the long-term stability 
of emission current (emission current vs. time) is also an important parameter in the context 
of desired application. The longer the emission of stable current density, the more is the 
accuracy and durability of an emission gun. 
 
(a) I-E-J plots: 
The I-E-J plot of the CNTs on stainless steel during pulsed emission is obtained as shown in 
Figure 5.10. The two curves (blue and orange) were obtained from two different samples 
produced independently under identical CVD conditions. The electric field at which the 
emission current density of CNTs reaches 10 mA cm-2 is called the threshold electric field 
(ETh) [ZouNN10, GogCN13]. ETh for the curves shown in Figure 5.10 are 4.58 and 5.37 V µm-1 
(for blue and orange curves respectively). For an efficient emission, ETh should be as low as 
possible. Although these 2 samples were synthesized under identical conditions, the ETh 
values are different because of many factors influencing the morphology and quality of 
CNTs. Firstly, the drop-coating technique used to load the catalyst layer on the substrate 
prior to CVD is a rather unsophisticated process and differences in layer thickness and 
surface coverage may arise between every two samples. The morphology and spatial 
distribution of CNTs also vary accordingly and so do their electron emission characteristics. 
 
 
Figure 5.10: Emission current (I)-Electric field (E)-Emission current density (J) plot obtained from 
entangled CNT forests grown by thermal CVD on polished stainless steel substrates drop-coated with 
0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
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 The maximum current densities for the curves shown in Figure 5.10 are 96 and 89 mA 
cm-2 (blue and orange curves respectively). The corresponding emission currents are 60 and 
55 mA respectively. The emission beyond these maximum values was not stable and hence 
not shown. 
 
(b) Fowler-Nordheim plots (FN plots): 
The FN plots for the blue and orange curves shown in Figure 5.10 are demonstrated below in 
Figure 5.11. The linear portion of the curve suggests that the emission is truly electric field-
induced, and not thermionic.  
 
 
Figure 5.11: Fowler-Nordheim (FN) plots obtained from entangled CNT forests grown by thermal CVD 
on polished stainless steel substrates drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
 
The sharp tips of the CNTs lead to a local amplification of the electric field and the 
extraction of the electrons is enhanced accordingly. The field enhancement factor (β) of the 
blue and orange curves are calculated to be 1990 and 2045 respectively. The smaller the 
radius of curvature of the emitting tip, the larger is β and so is the extraction force of 
electrons. 
 
(c) Long-term stability measurements: 
Besides the aforementioned emission parameters, a stable and long-term emission of 
electrons from a CNT emitter would be desirable, especially as a commercial interest. In 
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order to determine the lifetime of the CNT emitters on stainless steel, the samples were set 
to emit a constant current of 10 mA by varying the applied voltage. The following Figure 5.12 
indicates that the samples were able to emit continuously for a period of more than 4 days 
(>96 hours), which is quite remarkable. Fluctuation of the applied potential (∼920 V) is 
almost negligible for more than 3.5 days of emission (black curve in Figure 5.12). This 
suggests that the CNTs experienced only minor structural changes up to 3.5 days, which is 
commendable in the context of field emission applications.  
 
 
Figure 5.12: Long-term current stability plots showing emission current (I) vs. emission time (t) as 
well as the fluctuation of applied potential (U), obtained from entangled CNT forests grown by 
thermal CVD on polished stainless steel substrates, drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in 
absolute ethanol. 
 
After a long-term emission or emission at high current densities, the CNTs tend to 
degrade structurally. The possible degradation mechanisms of CNTs will be discussed at the 
end of Chapter 6. In summary, thin (~20±5 nm) and entangled (by a large proportion) 
MWCNTs, grown on polished stainless steel from a liquid catalyst solution by thermal CVD 
with C2H2 resulted in a reasonably good combination of emission characteristics, which are 
Jmax: 96 mA cm-2, ETh: ~5 V µm-1, β: ~2000 and a continuous emission of 10 mA current for 
>96 hours. 
Further detailed investigations of the emission degradation of these CNTs as a 
function of pressure, duty cycle, and pulse-on time were reported elsewhere [LebVS13]. 
Briefly, it was observed that the degradation rate was directly proportional to the pressure, 
inversely proportional to the duty cycle and was independent of the pulse-on time. 
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5.3 CNTs on Copper and Molybdenum 
Other metallic substrates namely copper and molybdenum were also used as substrates for 
CNT growth. The field emission properties could be greatly enhanced with a low contact 
resistance between CNTs and the substrate. In this context, copper makes a better choice 
than most metals due to its excellent electrical and thermal conductivities. Further, copper is 
one of the most common conductive metals available and also inexpensive from an 
economic standpoint [LiMR09, GarC09]. Molybdenum was also used as a substrate for the 
purpose of comparison and also because it was readily available. The catalyst-loading 
procedure was carried out in a way already described in Section 5.2.4 for stainless steel. The 
same catalyst mixture, 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol was used for Cu and 
Mo. Only the main findings were reported here since the emission results of CNTs on Cu and 
Mo were not much promising as far as the current experimental scheme was considered. 
The geometry of Cu and Mo substrates was the same as that of stainless steel and 
hence allowed only simple drop-coating techniques, rather than sputtering, to be employed. 
The initial CVD runs were performed at 12 sccm C2H2, as for the stainless steel substrates. 
The resulting morphology of CNTs grown on Cu and Mo is shown in Figure 5.13. 
Subsequently, CVD growth with 1.2 sccm C2H2 (10 times lesser flow rate of hydrocarbon) is 
shown in Figure 5.14. 
 The CNTs grown on Cu are longer and more densely packed compared to the CNTs on 
Mo that are much shorter in length and sparsely distributed as can be seen from Figure 5.13 
(a) and (b). Moreover, the surface coverage of CNTs was much more uniform on the Cu 
substrate; where as a slightly non-uniform surface coverage of CNTs was observed on Mo 
after CVD under identical conditions. The diameter distribution of CNTs on Cu (35±15 nm; 
shown in the inset of Figure 5.13 (a)) is narrower than that on Mo (55±35 nm; not shown in 
the Figure 5.13). 
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Figure 5.13: Morphology of CNTs grown by thermal CVD with 12 sccm C2H2 on (a) Cu substrates (Inset 
shows a higher magnification image of the same) and (b) Mo substrates (Inset shows a higher 
magnification of the same), drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
 
 
 
Figure 5.14: Morphology of CNTs grown by thermal CVD with 1.2 sccm C2H2 on (a) Cu substrates 
(Insets show a higher magnification image of the same) and (b) Mo substrates (Insets show a higher 
magnification of the same), drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
 
Although varying the basic CVD parameters such as the time and temperature did not 
yield much different results (not presented here), a lower concentration of hydrocarbon gas 
(1.2 sccm C2H2) resulted in well-aligned CNTs on the copper substrate. Figure 5.14 (a) shows 
that by reducing the concentration of C2H2 by 10 times, that is from 12 sccm to 1.2 sccm, and 
keeping other parameters unchanged, a dense carpet of vertically aligned CNTs could be 
grown uniformly over the surface of Cu substrate. It was also reported elsewhere that the 
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concentration of acetylene plays an important role in enhancing or worsening the aligned 
growth of CNTs [LeeVS12]. However, the mechanism behind such behaviour is not clear. 
 On the other hand, insets (iii) and (iv) of Figure 5.14 show that the sparsely grown 
CNTs on Mo are thinner in diameter and shorter in length than those on Cu (insets (i) and (ii) 
of Figure 5.14). A comparison between Figures 5.13 (a) and 5.13 (b) also indicate a similar 
contrast in lengths of the CNTs grown on Cu and Mo. Given the identical CVD conditions, it is 
interesting that the length of the CNTs on Mo is much smaller than those on Cu. It clearly 
demonstrates the effect of the substrate on the growth or growth rate of CNTs. The 
diminished growth of CNTs on Mo substrate is speculated due to the following reasons. 
 It has been accepted that Fe, Co and Ni are by far the best catalytic elements for CNT 
growth and they are found to have distinct similarities that are absent in most other 
elements [DecC06]. It was shown that these three elements exhibit a carbon solubility of 
more than 0.5 wt% at elevated temperature regimes used for thermal CVD. Beyond the 
maximum solubility, excess carbon immediately forms stable (Fe3C) or metastable (Co3C, 
Co2C, Ni3C) carbides. With a further supply of hydrocarbon gas, additional carbon diffuses 
through the catalyst particles and precipitates out forming a nanotube [DecC06, BakAS92, 
KuzKA03]. This type of carbon-metal interaction is not observed in many of the other metals. 
In the present case, Fe nanoparticles tend to react with molybdenum substrate at the given 
temperature, 645 °C. Since the solubility of Fe in Mo at this temperature is less than 0.05 
wt%, intermetallics like MoFe2 or Mo5.1Fe7.9 form immediately and remain stable for a long 
time, as suggested by the Fe-Mo binary phase diagram shown in Figure 5.15 [VilAS05]. The 
solubility of carbon in such stable intermetallic compounds is almost negligible, thus 
preventing any active dissolution and precipitation of carbon in the form of CNTs. Hence the 
CNTs grown on Mo may be rather short in length. On the other hand, Cu does not form such 
intermetallic compounds with Fe, as suggested by the Cu-Fe binary phase diagram presented 
in Figure 5.16 [VilAS05]. Moreover, the solubility of Fe in Cu at 645 °C is nearly zero, 
indicating that Fe remains active for the nucleation and growth of CNTs. Hence the growth of 
CNTs on Cu is more pronounced than that on Mo substrate. When the concentration of C2H2 
is further lowered from 12 sccm (Figure 5.13 (b)) to 1.2 sccm (Figure 5.14 (b)), the length of 
CNTs and their growth, as such, on Mo substrate further diminishes by a large extent due to 
insufficient availability of carbon from the feedstock. 
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Figure 5.15: Binary phase diagram of iron (Fe)-molybdenum (Mo) [VilAS05]. 
 
 
Figure 5.16: Binary phase diagram of copper (Cu)-iron (Fe) [VilAS05]. 
 
 The Raman spectra obtained from CNTs on Cu and Mo substrates is shown in Figure 
5.17. The ID/IG ratio of CNTs is 1.75 on Mo and 1.25 on Cu, both inferior to the crystallinity of 
CNTs grown on stainless steel. This indicates a more defective structure of CNTs on Cu and 
Mo substrates. 
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Figure 5.17: Raman spectra collected from CNTs grown by thermal CVD with 12 sccm C2H2 on copper 
and molybdenum substrates, drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
 
 
Emission Characteristics: 
(a) I-E-J plots: 
The current vs. electric field characteristics of CNTs grown (with 12 sccm C2H2) on copper 
and molybdenum substrates are shown in the following Figure 5.18. The curves representing 
CNTs on stainless steel (in gray) are also presented for comparison. The blue and green 
curves in the figure represent CNTs on copper. It can be noticed that the threshold electric 
field, ETh of the CNTs on copper is much lower (1.75 and 2.2 V µm-1 for the blue and green 
curves respectively) compared to that of CNTs on Mo and stainless steel, which is highly 
desirable. This may be attributed to a good electrical conductivity of copper compared to the 
other substrates used in this study. However, the emission current increased uniformly only 
up to 7 mA. Beyond this value, the emission has been erratic. Steady currents have not been 
achieved even after conditioning of the samples (a very slow escalation of applied voltage). 
On the other hand, the curves representing CNTs on Mo (orange and red) in Figure 5.18 
indicate that the ETh is intermediate to that of CNTs on Cu and CNTs on stainless steel, at 3.6 
V µm-1 (orange curve) and 4.4 V µm-1 (red curve). However, the maximum current densities 
(8 and 15 mA cm-2 for the orange and red curves respectively) are naturally very low for 
CNTs on Mo because of a very low surface density of CNTs.  
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Figure 5.18: Emission current (I)-Electric field (E)-Emission current density (J) plot obtained from 
entangled CNT forests grown by thermal CVD on copper and molybdenum substrates, drop-coated 
with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol (Results on stainless steel substrate are presented 
for comparison). 
 
(b) FN plots: 
Figure 5.19 shows the corresponding FN plots of CNTs on copper and molybdenum 
substrates. The average field enhancement factors (β) calculated from the slopes of the 
linear portion of the curves for CNTs on copper and molybdenum are 3785 and 2885 
respectively. A higher average β value for CNTs on Cu and Mo, compared to that on stainless 
steel, could be probably because of the following reasons: For CNTs on Cu, although the 
surface density is probably the same as that on stainless steel, only a few randomly located 
CNTs may be emitting electrons, while others may have been inactive. This could be 
corroborated by physical observation of sparsely distributed green emission spots from the 
sample during emission (picture not shown). The inherent surface density of CNTs on 
molybdenum is low and so is the field screening effect. Hence, β is higher than that of CNTs 
on stainless steel. 
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Figure 5.19: Fowler-Nordheim (FN) plots obtained from entangled CNT forests grown by thermal CVD 
on copper and molybdenum substrates drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute 
ethanol. 
 
5.4 Preliminary Studies: CNTs on Special Substrates- 
Graphite, Graphene and Carbon Nanowalls (CNWs) 
Preliminary tests were conducted on graphite, few-layer graphene sheet and carbon 
nanowalls, which were used as substrates for the growth of thin, multi-walled CNTs for field 
emission measurements. The substrates exhibited either a layered (graphene) or porous 
(graphite and CNWs) surface structure. The catalyst precursor solution infiltrated through 
the sub-surface layers during drop-coating, thus making the catalyst deposition non-uniform 
and complex. The design of substrates used in the present study precluded the application of 
sputtering techniques. 
 Since the substrates used also comprise carbon in their chemical constitution, the 
Raman spectra were recorded both before and after CVD. Figure 5.20 shows the Raman 
spectra of graphite, graphene and CNWs before and after the growth of CNTs. 
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Figure 5.20: Raman spectra obtained from (a) graphite, (b) graphene and (c) CNW substrates before 
(black curves) and after (blue curves) thermal CVD. 
 
Among the three substrates, graphite (Figure 5.20 (a)) shows the highest degree of 
graphitization with an ID/IG ratio of nearly 0.20, before CVD. The Raman spectrum collected 
from the substrate, along with CNTs after CVD, shows a huge increase in the intensity of D-
peak. It was practically complicated to separate CNTs from graphite for Raman 
measurements due to the low yield of CNTs. The ID/IG ratio after CVD was 1.15. In case of 
few-layer graphene (Figure 5.20 (b)), the initial ratio of disordered carbon to graphitized 
carbon was 0.60, indicating a fairly good crystallinity of the layers. The ID/IG ratio of the 
graphene-CNT hybrid layer is 1.07, which is close to 1 as obtained from CNTs on stainless 
steel. This indicates that the graphitization of CNTs on both graphite and graphene is inferior 
to that of the substrate itself. On the other hand, the graphitization of the CNW-CNT hybrid 
layer improved as compared to the initial CNW substrate (Figure 5.20 (c)). The ID/IG ratios of 
the former and latter are 2.50 and 1.47 respectively. 
 71 
 Figure 5.21 shows scanning electron micrographs of the three substrates before and 
after CVD. The insets show the respective higher magnification images. Figure 5.21 (a, c, e) 
show the inherent layered and/or porous structure of the graphite, few-layer graphene and 
CNW substrates respectively. It can be noticed from Figure 5.21 (b, d, f) that all the three 
substrates were covered with entangled CNTs and the surface density increases in the order 
of graphite, graphene and CNWs. The graphite substrate is constituted with wide and deep 
grooves/pits, making the surface rather rough, where as the graphene surface has a typical 
layered morphology with shallow gaps within the layers. On the other hand, CNWs exhibit 
submicron-sized pores between the walls. The sharp walls/edges have a high surface energy 
and hence the catalyst nanoparticles are held firmly at these locations. This ensures a high 
concentration and a uniform distribution of the catalyst nanoparticles, aiding in a dense 
growth of CNTs on CNW substrates. 
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Figure 5.21: Morphology of the (a) graphite, (c) few-layer graphene and (e) carbon nanowalls- 
substrates before CVD. Morphology of the CNTs grown by thermal CVD on (b) graphite, (d) few-layer 
graphene and (f) carbon nanowalls substrates, drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in 
absolute ethanol (Insets show higher magnification images of the respective micrographs). 
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Emission Characteristics: 
The field emission characteristics of CNTs on graphite and few-layer graphene substrates 
have been obtained. The emission tests of CNW-CNT hybrid materials were not possible due 
to repeated short circuiting. Hence I-E-J characteristics of only CNTs on graphite and few-
layer graphene will be presented below. 
The current vs. electric field characteristics of CNTs on graphene and graphite 
substrates are shown in Figure 5.22. The maximum emission currents from CNTs on 
graphene are 42 and 65 mA, while that on graphite substrate are 65 and 100 mA. As can be 
seen from Figure 5.22, the emission currents are not much different. However, the turn-on 
electric fields (electric field where the emission current reaches 1 µA cm-2) are 7 V µm-1 for 
CNTs on graphene and 8.2 V µm-1 for CNTs on graphite substrates. The respective threshold 
fields (ETh) are 8.5 and 10 V µm-1. 
 
 
Figure 5.22: Emission current (I)-Electric field (E)-Emission current density (J) plot obtained from 
entangled CNT forests grown by thermal CVD on graphene and graphite substrates, drop-coated with 
0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol. 
 
Although the emission currents on these hybrid materials are considerably low, the 
results may be improved by employing more controlled catalyst loading and CVD techniques, 
which forms the future work. Figure 5.23 shows a demonstration of the long-term stability 
measurements conducted on two CNT-graphite samples, in comparison with that of CNTs on 
stainless steel. A stable emission current of 20 mA at 20% duty cycle and 20 ms pulse-on 
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time has been achieved for CNTs on graphite substrates. Further, the average value of 
applied voltage for the graphite substrates is slightly lower than that for stainless steel 
substrates. This may be a result of a lower contact resistance between CNTs and graphite, 
compared to CNTs and stainless steel. The absence of an increase in applied voltage 
suggested that no degradation was observed for about first 20 hours of cumulative emission. 
 
 
Figure 5.23: Long-term current stability plots, measured at 20 mA current, showing the fluctuation of 
applied potential (U) as a function of emission time (t), obtained from entangled CNT forests grown 
by thermal CVD on graphite substrates, drop-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute 
ethanol. The measurements were conducted at 20% duty cycle and 20 ms pulse-on time. The abrupt 
voltage drops indicate the occurrence of arcs. 
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Chapter 6 
 
Growth and Emission Behaviour of Large-area 
CNTs on Silicon 
 
 
6.1 Introduction 
As discussed earlier, a good electrical conductivity of the substrate material ensures a 
minimum contact resistance with the CNTs. The electrical conductivity of n-doped silicon, 
used in this study, is many orders of magnitude inferior to that of the metallic substrates like 
copper or stainless steel. However, silicon is considered to be a well established substrate 
material for the synthesis of carbon nanotubes due to the presence of a passive oxide layer 
atop that holds the catalyst nanoparticles firmly. Further, a good control of catalyst 
sputtering and patterning (lithography) techniques is possible on silicon. Hence, the growth 
and field emission characterization of uniform- as well as patterned CNT arrays on Si 
substrate have been carried out. The emission behaviour of large-area patterned CNT arrays 
has been addressed in detail. The resulting structural degradation of CNTs is discussed 
towards the end of this chapter. 
 
6.2 Thermal CVD: Effect of the surface density of CNTs 
The thickness of the catalyst layer plays an important role in deciding the surface density, as 
well as the diameter of CNTs. Different coating techniques offer differences in the thickness, 
chemical state and spatial coverage of the catalyst species. Two Si substrates, one dip-
coated with 0.1M [Fe(NO3)3+Al(NO3)3]solution in absolute ethanol and the other sputtered 
with 2 nm Fe were used as test samples to study the effect of surface density of CNTs (which 
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were grown subsequently) on their emission behaviour. Figure 6.1 shows the disparity in 
morphology of the CNTs grown on these two substrates. 
 
Figure 6.1: Scanning electron micrographs showing (a) a dense growth of entangled/locally aligned 
CNTs on silicon substrate, dip-coated with 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol, (b) a 
sparsely-grown entangled CNT network on silicon substrate, sputtered with 2 nm Fe, (c) and (d) show 
a higher magnification of (a) and (b) respectively. 
 
 
 
Figure 6.2: Raman spectra collected from CNTs grown by thermal CVD on dip-coated (with 0.1M 
[Fe(NO3)3+Al(NO3)3] in absolute ethanol) and sputtered (2 nm Fe) silicon substrates. 
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Figure 6.1 (a) and (b) show the morphology of CNTs grown by thermal CVD on the 
dip-coated and sputtered Si substrates respectively. It can be noticed that the CNTs grown 
on dip-coated Si have a much higher surface density and the individual nanotubes are much 
longer (3-5 µm). On the other hand, CNTs grown on sputtered Si have a very sparse spatial 
distribution and are much shorter (often less than 1 µm) in length. Figure 6.1 (c) and (d) 
present higher magnification images of (a) and (b) respectively, further corroborating the 
typical CNT morphology on the two different samples. The diameters of CNTs on dip-coated 
and sputtered Si are in the range of 4-12 nm and 4-8 nm respectively. Figure 6.1 (c) indicates 
that the CNTs on dip-coated Si exist as locally aligned thick bunches at the displayed 
location. The degree of graphitization, as shown in Figure 6.2, is higher for the CNTs grown 
on sputtered Si (ID/IG ratio: ∼1.00) than that on dip-coated Si (ID/IG ratio: 1.30). 
 A dense growth of CNTs on dip-coated Si (Figure 6.1 (a) and (c)) can be explained by 
the role of Al2O3 in keeping Fe nanoparticles apart from each other at high temperatures, as 
explained in Chapter 4. Moreover, it was reported elsewhere that the role of Al2O3 is not just 
limited to playing a supporting passive layer, but the presence of any basic sites on Al2O3 
catalyzes the aromatization and reduces the complexity of CNT precursor molecules allowing 
a more efficient growth of CNTs [MagAC11]. On the other hand, thermal CVD on Fe-
sputtered Si did not yield dense CNT arrays probably because of insufficient catalyst sites on 
the sputtered layer that are actually active for the nucleation of CNTs. 
 
Emission Characteristics: 
The current vs. electric field characteristics of CNTs on dip-coated silicon and Fe-sputtered 
silicon substrates are compared in Figure 6.3. Clearly, the CNTs of lower surface density on 
Fe-sputtered Si exhibited an emission current (58 mA) that is about 4 times higher than that 
on dip-coated Si (14 mA). However the threshold electric field for both the samples is nearly 
the same, around 9 V µm-1. The respective current densities for these two samples are 330 
mA cm-2 and 85 mA cm-2. It is interesting to note that the emission current density exhibited 
by dense CNT arrays on both dip-coated Si (Figure 6.3) and drop-coated stainless steel 
(Figure 5.10) are in the same range of 85-95 mA cm-2. This signifies the role of surface 
density of entangled CNTs on the maximum emission current density. However, a further 
too low surface density of CNTs would minimize the number of emission sites and thus the 
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emission current density. Hence a systematic study of the influence of surface density of 
CNTs on emission behaviour has been conducted and discussed in upcoming Section 6.4. 
 
Figure 6.3: Emission current (I)-Electric field (E)-Emission current density (J) plot obtained from 
entangled CNT forests grown by thermal CVD on dip-coated (in 0.1M [Fe(NO3)3+Al(NO3)3] in absolute 
ethanol) Si and Fe-sputtered (2 nm) Si substrates. 
 
 
 
Figure 6.4: Fowler-Nordheim (FN) plots obtained from entangled CNT forests grown by thermal CVD 
on dip-coated (in 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol) Si and Fe-sputtered (2 nm) Si 
substrates. 
 
 The FN plots, shown in Figure 6.4, suggest that the curves corresponding to emission 
of CNTs on dip-coated and Fe-sputtered Si substrates overlap partially. This is because of the 
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same threshold electric field for both the samples. The respective field enhancement factors 
(β) are calculated as 850 (blue curve) and 1210 (orange curve). 
 
6.3 Plasma-enhanced CVD: Effect of the length of CNTs 
Recently, López et al have reported that the length of the CNTs has a major influence on the 
emission current density [LopAC11]. When a bundle of VACNTs were separated from an 
array and tested for their emission characteristics, it was observed that the taller the bundle, 
the smaller is the work function and the larger is the field enhancement factor, β [LopAC11, 
FujAP07]. This can be mainly attributed to a higher aspect ratio of the longer CNTs compared 
to the shorter ones. Although a plethora of studies reported excellent emission 
characteristics of VACNTs, most of them were obtained from individual CNTs or an individual 
bundle of CNTs (references cited in Table 6.1). Very few authors have studied the crowd 
effect or the effect of the neighbouring CNTs on the overall performance of CNT emitters 
distributed over a wide area of the substrate. In this section, the influence of height of a 
VACNT carpet (length of the CNTs) on the overall emission current is reported. 
Plasma-enhanced CVD (PECVD) is long known to be the best technique to synthesize 
aligned CNTs at relatively low temperatures than that are employed for thermal CVD 
[BowAP00, MerAP00, TeoAP01, DelJA02]. 2 nm thick Fe-sputtered silicon substrates from 
the same batch that were used for thermal CVD (mentioned in Section 6.2) were used for 
PECVD as well. Since the preliminary experiments resulted in a successful synthesis of a 
uniformly grown vertically aligned multi-walled CNT (VACNT) carpet, it was attempted to 
study the effect of the length of the CNTs on the emission behaviour. In order to vary the 
height of the CNT carpet, simply the duration of deposition was varied. Figure 6.5 (a, b, c, d) 
shows the SEM images of four different samples with different heights (10 µm/20 µm/50 
µm/100 µm) of CNT carpets as a result of different growth periods (~ 5’/7’/10’/15’ 
respectively). Figure 6.5 (e, f, g, h) shows a higher magnification image of Figure 6.5 (a, b, c, 
d) respectively. Although the height of the CNT carpet differed with respect to the duration 
of growth, the diameter of CNTs was in the range of 8-10 nm on all the four samples. The 
Raman spectra, presented in Figure 6.6, showed that the ID/IG ratio of the CNTs on all four 
samples was in the range of 1.00-1.10. 
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Figure 6.5: Scanning electron micrographs showing thin (8-10 nm in diameter) and vertically 
aligned CNTs grown on (2 nm thick) Fe-sputtered Si substrates by plasma-enhanced CVD for (a) 5 
min, (b) 7 min, (c) 10 min and (d) 15 min. A higher magnification image of the samples, (a), (b), (c) 
and (d) are shown in the figures (e), (f), (g) and (h) respectively. 
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Figure 6.6: Raman spectra collected from VACNTs grown by plasma-enhanced CVD on Fe (2 nm)-
sputtered silicon substrates. The height of the VACNT carpet is (a) 10 µm; (b) 20 µm; (c) 50 µm; (d) 
100 µm. 
 
A comparison of the field emission behaviour of these four samples would be 
interesting and insightful because the influence of the height of the CNT carpet can be 
studied. Since the diameter (8-10 nm) and the degree of graphitization (ID/IG = 1.00-1.10) of 
the CNTs on the four samples is nearly the same, length of the nanotubes is probably the 
only macroscopic factor that influences the emission behaviour. 
 
 
Emission Characteristics: 
The emission current vs. electric field characteristics of the uniformly grown VACNTs on Si is 
clearly depicted in Figure 6.7 (a). It can be observed that the maximum emission current 
density (Jmax) increases with a decrease in the height of the CNT carpet. A highest current 
density of 80 mA cm-2 (I = 13.5 mA) is exhibited by the CNT carpet of length 10 µm, while the 
least current density of 27 mA cm-2 (I = 4.6 mA) is exhibited by the CNT carpet of length 100 
µm. VACNTs of lengths 20 µm and 50 µm show intermediate values of current densities viz 
47 mA cm-2 (I = 8 mA) and 40 mA cm-2 (I = 6.7 mA) respectively. This clear trend in the 
influence of height of the uniformly grown VACNT carpet on the overall emission current 
density is primarily the result of a pronounced field screening effect for the longer CNTs, 
compared to the shorter ones. For the longer CNTs, the field enhancement factor is boosted, 
but at the same time, the field screening effect counteracts the overall emission current 
density. Hence, when individual CNTs, rather than a carpet, are tested for emission 
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behaviour, the longer CNTs are shown to emit higher current densities compared to the 
shorter ones [LopAC11]. Typically, the separation between the neighbouring CNTs should be 
higher for longer CNTs in order to mitigate the field screening effect. 
 
 
               
Figure 6.7: (a) Emission current (I)-Electric field (E)-Emission current density (J) plots and (b) Fowler-
Nordheim (FN) plots obtained from VACNT arrays of different heights grown by plasma-enhanced 
CVD on Fe (2 nm)-sputtered Si substrates. 
 
Fowler-Nordheim plots, depicted in Figure 6.7 (b) for these data, show a linear 
behaviour in the region above the ETh. This confirms that the electron field emission in these 
samples took place by the tunnelling mechanism upon the application of electric field. The 
absence of deviation from linearity at the high electric field end mainly in the VACNTs of 
lengths 10 µm, 20 µm and 50 µm suggests that the emission is predominantly contributed 
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from the areas of equal height, which would have been the tips of the nanotubes. Usually, 
the presence of slight deviations from linearity at the high electric field end would be 
observed if the total emission current is a contribution of emission spots located at different 
heights [LopAC11, BonPR02, ManJI09]. However, more characterization is needed to back 
this claim, which is not a part of the current work. 
 It is worthwhile to note from Figure 6.7 (a) that the threshold electric field (ETh) for 
the four samples also show a clear trend. ETh decreases as the length of the CNTs increases. 
This phenomenon can be better understood by complementing the I-E-J plots (Figure 6.7 (a)) 
with the corresponding FN plots shown in Figure 6.7 (b). The field enhancement factors (β), 
calculated from the FN plot shown in Figure 6.7 (b), for the four curves in the ascending 
order (from L = 10 µm to L = 100 µm) are 1030, 1640, 1650 and 1910 respectively. This 
agrees well with the fact that CNTs of a higher aspect ratio (longer CNTs) exhibit higher field 
enhancement factor. However, β calculated from FN plots is affected by the adsorbants 
[DeaAP00] and/or by the geometry of configuration [BonDR02]. Hence, another parameter 
namely Elocal is used to define the actual electric field around the tip (or the emission centre) 
of the nanotube at the given current density. It has been reported that Elocal is nearly 
constant for the CNTs synthesized by the same procedure with the same parameters 
[BonDR02, BonAM01], and is related to the macroscopic electric field (measured electric 
field) as already shown in equation (2.3) as: 
Elocal = β · Emacroscopic 
Hence, the macroscopic electric field itself is an indirect measure of the field enhancement 
factor for each sample. Emacroscopic values for the four curves in Figure 6.7 (a), measured at an 
emission current density of 10 mA cm-2 (indicated in the figure using vertical dashed lines) is 
the threshold electric field, ETh. Figure 6.8 shows the effect of the length of CNTs on ETh. Jo et 
al., reported a similar trend in the variation of macroscopic electric field as a function of the 
length of CNTs [JoAP03]. 
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Figure 6.8: The threshold electric field (ETh) at a measured current density of 10 mA cm-2 as a function 
of the length of CNTs. 
 
 It is worthwhile to note that the emission current density of uniformly grown VACNT 
carpet (L = 10 µm) is almost equal to that of uniformly grown entangled CNTs (Jmax = ~ 80 mA 
cm-2). Figure 6.9 shows an overview of emission behaviour of the three different 
morphologies of CNTs: (a; blue curve): shorter (≤ 1 µm), entangled CNTs with low surface 
density, (b; orange curve): longer (~ 4 µm), entangled CNTs with a higher surface density and 
(c; green curve): longer (~ 10 µm), vertically aligned CNTs with a higher surface density. 
 
Figure 6.9: A comparison of CNT morphology as well as the corresponding Emission current (I)-
Electric field (E)-Emission current density (J) plots obtained from: entangled CNT forests grown by 
thermal CVD on dip-coated (in 0.1M [Fe(NO3)3+Al(NO3)3] in absolute ethanol) Si [BLUE] and Fe (2 nm)-
sputtered Si substrates [ORANGE]; and VACNT arrays of 10 µm height grown by plasma-enhanced 
CVD on Fe (2 nm)-sputtered Si substrates [GREEN]. 
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6.4 Large-area field emitters synthesized by Plasma-
enhanced CVD 
Development of large-area CNT-based field emitters is essential especially for their use in 
multipixel x-ray sources (demonstrated in Figure 2.6 in Chapter 2) as opposed to a 
conventional CT scanner currently used in medical applications. However, the field screening 
effect has to be controlled in order to extract maximum emission current density from such 
large-area field emitters. Many authors have thus far reported the field emission 
characteristics of various carbon nanostructures including SWCNTs [BonAP98], MWCNTs 
[AlJN14, CheNT07, FujAP07, FutC12, HazAC09, JoAP03, LiAP10, LopAC11, MinNL05, 
MurAP00, SohAP01], carbon buckypaper [KnaVS03], few-layer graphene [ZhaNT12] and so 
on (shown in Table 6.1). However, there are several shortcomings in the most of the works 
reported, with regard to the specific application in x-ray CT scanners or other large-area field 
emission applications. 
 It is of interest to note from Table 6.1 that high emission current densities in the 
order of a few A cm-2 have been achieved by several authors. However, the two highest 
values, 12 and 2.8 A cm-2 were both recorded from an individual VACNT or an individual 
bundle of VACNTs that were free from field screening effects. By far, the highest emission 
current density achieved from a large-area field emitter stands at 2.5 A cm-2 [HazAC09]. On 
the other hand, the long-term stability measurements have not been performed by the 
authors. It is worthwhile to note that both, high emission current density and a long-term 
stability are major factors in deciding the suitability of the emitters in x-ray sources. 
Although a few authors reported excellent stability measurements spanning over 10,000 
hours, the maximum emission current density was too low. 
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Table 6.1: A summary table from literature showing the major field emission parameters obtained 
for different carbon nanostructures. 
 
Jmax Long-term 
stability 
Carbon 
nanostructure 
studied 
Array or 
individual 
nanostructure 
Year Reference 
12 A cm-2 - VA-MWCNTs Individual CNT 2005 [MinNL05] 
2.8 A cm-2 3 µA for 200 
h 
VA-MWCNTs Individual 
bundle of CNTs 
2007 [FujAP07] 
2.5 A cm-2 - Plasma 
sharpened     
VA-MWCNTs 
Array 2009 [HazAC09] 
2.1 A cm-2 - VA-MWCNTs Array 2003 [JoAP03] 
2 A cm-2 - VA-MWCNTs Array 2007 [CheNT07] 
1.8 A cm-2 50 mA cm-2 
for 2.5 h 
VA-MWCNTs 
on a 
honeycomb 
mesh 
Array 2010 [LiAP10] 
0.75 A cm-2 3 µA for 32 h VA-MWCNTs Individual 
bundle of CNTs 
2011 [LopAC11] 
0.3 A cm-2 - VA-MWCNTs Array 2001 [SohAP01] 
0.1 A cm-2 1 µA for 120 
h 
Carbon 
buckypaper 
Array 2003 [KnaVS03] 
72 mA cm-2 - VA-MWCNTs Array 2014 [AlJN14] 
10 mA cm-2 1 mA cm-2 
for 10,000 h 
Entangled 
MWCNTs 
Array 2012 [FutC12] 
10 mA cm-2 Rapid 
degradation 
Entangled 
SWCNTs 
Array 1998 [BonAP98] 
7 mA cm-2 1.2 mA for 
24 h 
Vertically 
standing few-
layer graphene 
Array 2012 [ZhaNT12] 
3 mA cm-2 120 µm for 
50 min 
VA-MWCNTs Array 2000 [MurAP00] 
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In this section of the chapter, a simple methodology for obtaining a combination of 
high emission current density and a relatively long-term stable emission from patterned 
VACNTs synthesized on large-area Si substrates will be discussed. Further, a new standard 
for comparing the field emission characteristics of different large-area field emitters has 
been proposed. The advantage of synthesizing patterned VACNT bundles by PECVD is that 
the spatial density of CNTs can be controlled precisely. 
Firstly, n-doped conductive Si substrates have been used for sputtering of pure Fe 
(without any other oxides like Al2O3). This ensures that the contact resistance between the 
CNTs and Si is minimized. Moreover, after the PECVD of VACNTs on Fe-sputtered patterned 
Si substrates, plasma etching with Ar and H2 was performed for about 2-3 minutes to 
remove the amorphous carbon in the top layers of the VACNT arrays. Thus, the majority of 
defects existing in the CNT comprise the structural (vacancy) defects that are beneficial for 
an efficient extraction of electrons. The vacancy defects result in the formation of additional 
electronic states in the electron structure of the CNT, for which the work function is lower 
than in the case of an ideal nanotube [WeiAP06, ElePU10]. 
 Figure 6.10 shows vertically aligned CNTs grown over patterned Si substrates. The 
size of the VACNT bundle has been varied independently on the four samples. Figure 6.10 
(a,e) shows the SEM images of CNT bundles with lateral dimensions 100×100 µm2. This 
particular sample will be hereafter referred to as 100#. Similarly, Figures 6.10 (b,f), (c,g) and 
(d,h) show the lower and higher magnification images of CNT bundles of lateral dimensions 
50×50 µm2, 10×10 µm2 and 5×5 µm2 respectively. These samples will be referred to in the 
rest of the thesis as 50#, 10# and 5# respectively. The length and diameter of individual CNTs 
in all the four cases is 8-10 µm and 8-10 nm respectively. The CNTs grown in the 
configurations 100#, 50# and 10# are aligned absolutely vertical, while the CNTs in 5# are 
unable to support their own weight and consequently display slightly tilted bundles. The 
corresponding TEM images and Raman spectra of the as-grown patterned VACNTs will be 
presented in the next section, in comparison to the features after the emission tests. 
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Figure 6.10: Scanning electron micrographs showing patterned VACNTs grown on Si substrate with 
lateral dimensions of each bundle: (a) 100×100 µm2, (b) 50×50 µm2, (c) 10×10 µm2 and (d) 5×5 µm2. 
Figures (e, f, g and h) show a higher magnification of (a, b, c and d) respectively. 
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6.4.1 Emission Characteristics 
(a) JE characteristics 
A comparison of the emission characteristics of the four patterned VACNT emitters is shown 
in Figure. 6.11. Since the separation between the CNT bundles is 20 µm in all the cases and 
the diameter and height of the CNTs are in the same range, a comparison of the emission 
results of the four samples suggests by large the influence of the bundle thickness.  
 
 
Figure 6.11: Emission current density (J) as a function of electric field (E) for large-area patterned 
VACNT bundles grown on Si by PECVD, the lateral dimensions of the bundles being 100×100 µm2, 
50×50 µm2, 10×10 µm2 and 5×5 µm2. 
 
 
Figure 6.12: Fowler-Nordheim plots for large-area patterned VACNT bundles grown on Si by PECVD, 
the lateral dimensions of the bundles being 100×100 µm2, 50×50 µm2, 10×10 µm2 and 5×5 µm2. 
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It is worthwhile to note from Figure 6.11 that the Y-axis corresponds to emission 
current density in A cm-2, as opposed to mA cm-2 in case of all the earlier data. The highest 
current density (Jmax) has been attained in the case of sample 10#, which corresponds to a 
value of 4.38 A cm-2 at a macroscopic electric field of 14.8 V µm-1. Considering that minimum 
pre-treatments were performed on the Si substrate before PECVD, this is an outstanding 
value for large-area field emitters. Table 6.2 summarizes the emission parameters for the 
four patterned samples. In terms of Jmax, sample 10# clearly outperforms the rest of the 
samples. After conducting a series of stability measurements on sample 10#, JE 
characteristics were again recorded and it is interesting to note from Figure 6.13 that the 
Jmax further increased from 4.38 A cm-2 at 14.8 V µm-1 (of as-grown CNTs) to 5.74 A cm-2 at 
14.6 V µm-1 (after stability tests). This increase in Jmax can be mainly attributed to desorption 
of contaminants or other adsorbants existing on the surface of the as-grown CNTs during the 
initial stages of emission. Removal of the contaminants would further improve the 
performance of CNTs. 
 
Table 6.2: Table summarizing the main emission parameters of the four patterned samples: 100#, 
50#, 10# and 5# (10#* corresponds to the repeated (second time) measurements of sample 10# after 
conducting stability measurements). 
 Jmax (A cm-2) Imax (mA) ETh (V µm-1) β 
100# 0.08 27 6.62 1250 
50# 0.06 16 5.02 1920 
10# 4.38 245 8.05 780 
10#* 5.74 321 7.26 860 
5# 0.90 18 5.60 790 
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Figure 6.13: Emission current density (J) as a function of electric field (E) for the sample 10# (10×10 
µm2) before and after performing long-term stability measurements. 
 
McClain et al undertook a similar study with patterned VACNT bundles of variable 
bundle diameters: 120 µm, 60 µm, 30 µm and 15 µm, grown by thermal CVD on a single Si 
substrate [McPC07]. A finite number of bundles of the above dimensions were grown with 
the help of lithographic techniques on a single Si substrate of dimensions 3.6 × 3.6 mm2 as 
shown in Figure 2.11 of Chapter 2. The average height of the three thickest bundles was 100 
µm, while that of 15 µm bundles was 112 µm. The centre-to-centre spacing between any 
two adjacent bundles was 200 µm, which means that the edge-to-edge spacing (distance 
between the sidewalls) for the bundles of diameters 120 µm, 60 µm, 30 µm and 15 µm was 
80 µm, 140 µm, 170 µm and 185 µm respectively. This is a rather inconsistent edge spacing, 
considering the fact that emission from the bundles usually takes place prominently from 
the edges or peripheries [GroVS00, ChoDR01, JeoC04]. This suggests that the CNTs existing 
at the edges of the bundles are the ones that contribute most for the emission and hence 
these are the CNTs that should be guarded from the screening effects. Thus, the spacing 
between CNT bundles should be calculated with respect to the edges, rather than the centre 
of the bundle. Hence in our study, an edge-to-edge spacing equal to twice the height of the 
CNTs (20 µm and ~10 µm respectively) was employed in order to mitigate the shielding 
effects more efficiently.  
 Another highlight of the present study is that the simultaneous field emission from all 
the CNT bundles against a large-area counter electrode was carried out with the aim of 
understanding the field shielding effects in detail. A good number of publications reported 
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the emission properties of individual bundles in a large array, which did not take into 
account the field shielding effect of neighbouring bundles, thus misleading a proper 
understanding of the shielding effect [McPC07, LopAC11, FujAP07]. Such a measurement 
setup considers only the shielding effects operational within the bundle, but not from the 
neighbouring bundles. 
 Figure 6.11 holds another interesting trend which shows that the Jmax of the sample 
5# is inferior to that of 10#, although the theory predicts a higher field enhancement for the 
emitters of a higher aspect ratio. The aspect ratios of individual bundles on the sample 10# 
and 5# are 1 and 2 respectively. The following reasons may be proposed to explain such 
behaviour: 
(i) As shown in Figure 6.14 (a) and (b), the actual number of CNTs contributing to emission, 
that is, the nanotubes at the edges of the bundles are positioned much closer to each other 
within a bundle of smaller thickness (5 µm), compared to that in a bundle of larger thickness 
(10 µm). Hence the shielding effect within the bundle is greater in magnitude for sample 5# 
due to a closer proximity of CNTs with each other at the edges. 
 
 
Figure 6.14: Individual bundles of VACNTs of dimensions (a) 10 × 10 µm2 on sample 10# and (b) 5 × 5 
µm2 on sample 5# showing the proximity of nanotubes along the edges. The orange and red arrows 
show the prominent tips protruding from the summits of the CNT bundles on (c) sample 10# and (d) 
sample 5# respectively. 
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(ii) Prominent tips: Another possibility is the unique morphology of the CNT bundle summits. 
Although the nanotubes within the bundle exhibit alignment, the summits are composed of 
randomly oriented CNT tips. Some of these tips can be seen protruding high above the rest 
by a height much greater than the average CNT separation within the bundle, as shown in 
Figure 6.14 (c) and (d). The prominent CNT tips are therefore less shielded compared to their 
neighbours and thus tend to dominate the field emission from the bundle. This theory has 
been substantiated elsewhere in the literature for dense CNT arrays [NilAP00, BonPR02, 
MerAP01, GupJA05, LeeAP06]. As is evident from the Figures 6.14 (c) and (d), the number of 
prominent CNT tips is much greater for the bundles on sample 10# than on sample 5#. This 
conclusion has been reached after comparing at least 15 bundles on each of the two 
samples. 
 
(iii) Efficiency of spatial coverage of CNT emitters: The field enhancement factors for samples 
10#* and 5#, as indicated in Table 6.2, are 860 and 790 respectively. The average values of 
local electric field (Elocal) in the vicinity of the bundle tip, calculated using equation (2.3) given 
in Chapter 2 are obtained as 
Elocal for sample 10#*, Elocal,10#* = 12728 V µm-1 and 
Elocal for sample 5#, Elocal,5# = 9875 V µm-1 at their respective maximum emission currents. 
The difference in the value of average local electric fields in the vicinity of CNT 
emitters between these two samples is about 2800 V µm-1. This may be envisaged as shown 
in Figure 6.15 for the samples (a) 10#* and (b) 5# in the way the equipotential lines run 
around the vicinity of the tips. It should be noted that Figure 6.15 is a mere logical 
visualization for argument-sake and that the effects are not drawn to scale. It can be seen 
that the equipotential (coloured) lines take a dip at the mid point of every two CNT bundles. 
Since the local electric field for CNT bundles in sample 10#* is greater in magnitude, the 
resultant equipotential lines take a sharp dip in the midway of two neighbouring bundles 
(Figure 6.15 (a)). This is an indication that the field shielding effect has been avoided. Also in 
the case of sample 5#, field shielding effect has been evaded and the equipotential lines take 
a U-shaped dip in between two neighbouring bundles. For the sake of argument, it may be 
interpreted that the spherical domain of electric field acting around a particular bundle 
(indicated as black dashed lines) does not interact with that of the neighbouring bundle if 
field shielding has been evaded. For both the samples, this condition has been satisfied since 
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the spherical domains do not intersect with each other. However, the neighbouring spherical 
domains on sample 5# (Figure 6.15 (b)) are separated by a certain distance (~ 3 µm in the 
figure) and this may be considered as a ‘blind spot’ which has neither a CNT emitter nor a 
strong electric field influence from the neighbouring emitters. In order to maximize the 
overall emission current, the number of such blind spots should be minimized, while at the 
same time maintaining the required spacing between the bundles. This action requires 
adopting both experiments as well as complementary simulations to effectively design the 
geometry of CNT emitters on a large-area substrate.  
  
 
Figure 6.15: Schematic showing the distribution of equipotential lines (coloured lines) around the 
CNT bundles on (a) sample 10#* and (b) sample 5#. The black dashed curves indicate the probable 
electric field domain of spherical symmetry. (Note: The equipotential lines and spherical electric field 
domains are not drawn to scale). 
 
 This brings up a new standard for comparing emission characteristics of different 
large-area emitters: the ratio of the actual area of substrate that is covered by CNTs to the 
total area of the substrate (ACNTs/ASubstrate), in addition to the other geometrical features such 
as the height, hdiameter and spacing between the CNTs. 
 The area ratios (ACNTs/ASubstrate) for the four patterned samples used in the present 
study are as shown in Table 6.3. It should be noted that the area ratio is ideally a moderate 
value and should neither be too high or too low. For instance, individual CNT bundles that 
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are about mm-long were shown to exhibit excellent emission properties [LopAC11]. 
However, this geometry is not suitable for obtaining high current densities when used in 
large-area emitters because the equally large spacing required between these individual 
bundles minimises drastically the total number of emitters, if field shielding effect has to be 
avoided. On the other hand, if the ratio is too low, the effective number of emitters declines. 
Hence, it is important for large-area emitters to strike a balance between various factors 
influencing its performance. 
 
Table 6.3: The ratio of the CNT-coverage area to the total area of the substrate (ACNTs/ASubstrate) for the 
samples 100#, 50#, 10# and 5#: 
Sample 
Cumulative area of the CNTs 
(mm2) 
Total area of the substrate 
(mm2) 
ACNTs/ASubstrate 
100# 
50# 
10# 
5# 
35.2 
26 
5.6 
2 
51 
51 
51 
51 
0.69 
0.51 
0.11 
0.04 
 
 
(b) Long-term stability measurements 
Besides being capable of exhibiting high emission currents, most of the applications 
including x-ray tubes require CNT emitters to withstand a stable emission over an extended 
period of time. Long-term stability measurements provide information about the 
degradation rate of CNT emitters during such extensive testing and thus help in predicting 
their lifetime. 
 In this section, the results concerning long-term emission of sample 10# have been 
evaluated at different emission currents under ultra-high vacuum conditions of about 0.3-
1.0×10-8 mbar, which closely corresponds to the actual pressure levels employed in an x-ray 
tube [LebVS13]. 
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(a)  
 
(b)  
 
(c)  
Figure 6.16: Long-term emission measurements for the sample 10# performed successively at (a) 30 
mA, (b) 40 mA and (c) 50 mA emission currents at 10% duty cycle and 50 ms pulse-on time. 
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Figure 6.16 shows the fluctuations in the applied voltage and the chamber pressure 
at a constant emission current (30/40/50 mA) as a function of time. Commonly in all the 
three measurements, an apparent rise in the applied voltage is indicative of structural 
degradation of the CNT emitters. The degradation rate at the respective emission current is 
indicated inside a box within each plot. For instance, a cumulative emission time of 400 
minutes was achieved at a current of 50 mA (Figure 6.16 (c)). The rate of increase in applied 
voltage is around 4.7 V h-1, which is a direct measure of emission degradation and an indirect 
measure of structural degradation of the CNT emitters. A comparison of the stability of 
various CNTs reported in literature, that are listed in Table 6.1, suggest that a stable 
emission of 50 mA current for about 6.3 hours from an array of MWCNTs, obtained in the 
present work, is quite remarkable [LiAP10, MurAP00]. Such a long-term stable emission 
ensures reliability and durability as potential candidates in x-ray tubes. 
 A decrease in the degradation rate for 50 mA emission current (4.7 V h-1) compared 
to that for 30 mA or 40 mA is probably due to the eventual removal of adsorbants existing 
on the as-grown CNTs by the action of ion bombardment inside the chamber. It can be 
noticed from all the three plots in Figure 6.16 that there is hardly any increase in the 
chamber pressure during the measurements. This suggests that the outgassing of the anode 
material due to the impingement of electrons is negligible. 
 
6.5 Degradation of CNT field emitters 
6.5.1 Calculation of degradation rate 
In the previous section, the importance of long-duration measurements has been discussed. 
Despite a high mechanical stability, thermal conductivity and so on, CNT emitters are still 
prone to degradation during service. The first sign of degradation of a CNT emitter can be 
witnessed from an increase in applied voltage for a constant emission current during long-
term measurements. A further prolonged usage eventually results in an accelerating 
degradation rate, marked by a higher applied voltage required to maintain the same 
emission current. The apparent reason for emission degradation of the CNT emitters is due 
to the underlying structural degradation. 
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 Figure 6.17 shows, for instance, long-term measurement at an emission current of 40 
mA (as shown in Figure 6.16 (b)) from the sample 10# at 10% duty cycle and 50 ms pulse-on 
time. It is worthwhile to note that the duration of measurement is 730 hours at 10% duty 
cycle (73 hours of active emission time), which is sufficiently long to induce structural 
deformation in the CNT emitters. The fluctuation of applied voltage, as a function of time, is 
shown by the red data points. 
  
 
Figure 6.17: A long-term emission pattern from the sample 10# showing emission degradation in the 
form of increase in applied voltage (red curve) to maintain a constant current of 40 mA (black line) at 
10% duty cycle and 50 ms pulse-on time. 
 
 The emission degradation can be interpreted from the voltage fluctuations, which in 
Figure 6.17 can be divided into 4 stages. In the initial stage (0 - 4 h), the voltage required to 
maintain a 40 mA current showed no particular trend and was erratic. This is probably due to 
the presence of adsorbants or amorphous carbon on the tips of the CNTs. In the initial stage, 
the CNTs gradually get rid of the adsorbants because of ion bombardment. Once the pristine 
CNT tips were exposed to the electric field (after around 4 h), the applied voltage stabilised 
at 1.050 kV and later on followed a particular trend, which defined the 2nd stage (4 - 16 h). 
During this stage, the voltage displayed a step-wise escalation from 1.050 kV at 4 h to 1.070 
kV at 16 h. This corresponds to a degradation rate of ~1.6 V h-1. This gradual increase in the 
voltage can probably be attributed to the building up of tensile stresses in the CNTs leading 
to ruptures [BonPR03]. In the 3rd stage (16 - 19 h), a dip in the applied voltage is observed. 
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Although the exact reason for this phenomenon is unknown, it is only speculated that the 
defect density on the tips/outerwalls of the CNTs increase to a particular level that even 
these defects leak electrons and thus contribute to the overall field emission. The final stage 
(stage 4), which lasts from 19 - 73 h, again shows a step-wise increase in the applied voltage 
in order to maintain a 40 mA emission current. As can be observed from Figure 6.17, the 
voltage increased from ~1.055 kV at 19 h to ~1.120 kV at 73 h. This corresponds to an 
degradation rate of ~1.2 V h-1. During the final stage, in situ evaporation of carbon from the 
tips is likely to take place as a consequence of higher electric fields due to increasing voltage 
[WanPC05]. This results in shortening of the length of CNT emitters, as shown in Figure 6.18 
and/or arcing in between the cathode and anode resulting in structural breakdown of CNTs 
and even localised melting of the substrate, as shown in Figure 6.19. The steep voltage 
drops, as indicated by vertical red dots, occurred after an arc had interrupted the 
measurement. Thus, many arcs occurred during the long-term stability measurements. 
 
6.5.2 Analysis of the emitted area 
It is important to note that different CNT bundles on the substrate are affected at different 
scales (degrees of deformation) or in different ways (modes of deformation). For instance, 
Figure 6.18 (a-c) shows three different CNT bundles affected at different scales, while the 
CNTs shown in Figure 6.19 were affected in different ways. 
The height of CNTs, shown in Figure 6.18, was reduced probably because of local 
evaporation of the CNT tips for all the three bundles shown. However, the reduction in 
length is minimum for the bundle shown in Figure 6.18 (a), and maximum for the bundle 
shown in Figure 6.18 (c). This suggests that the latter participated more actively in the 
emission than the former. Various factors affect the extent of participation of individual 
CNTs or individual CNT bundles in a field emission measurement [ElePU10]. The emission 
characteristics are very sensitive to the height, diameter and electron work function of the 
CNTs, which are subject to change during the course of emission. In addition to the 
geometric parameters, differences in the orientation of CNTs with respect to the substrate 
surface also change during emission. All these effects lead to a notable deviation in the 
performance of a CNT or a CNT bundle from the other [ElePU10, BelTP10]. 
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Figure 6.18: SEM images of individual CNT bundles on the sample 10# taken after a long-term 
emission test at 40 mA for 730 h. The images show different bundles reduced to different heights: 
(a,b) No/slight emission, (c) almost completely reduced in height due to intense emission [Images 
taken by Ms. D. Wenger]. 
  
On the other hand, Figure 6.19 (a-b) shows an overview of the sample 10# after the 
degradation measurements, revealing different modes of failure of the CNT bundles: 
bundles reduced in height/bundles affected by arcing. Figure 6.19 (c) shows the top view of 
a bundle that is reduced in height, while Figures 6.19 (d-e) show craters on silicon formed 
due to local melting of the substrate as a result of high current arcs formed between the 
sample and anode, which could be physically observed during the experiment. The average 
number of arcs recorded by the equipment was 1.2 per hour. Carbon evaporating from the 
CNT tips gets ionized and forms a shorter conduction channel in between the sample and 
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the anode leading to a sharp discharge in the form of arcs, which results in a catastrophic 
failure of the CNTs as well as substrate locally [SowJA99, BonPR03]. The fact that most of the 
craters exist at the edges or corners of the bundles (see Figure 6.19 (a-b)) substantiates the 
theory that maximum emission occurs from the peripheries of the bundles (as discussed in 
Section 6.4.1). The degradation is further enhanced by structural breakdown of the CNTs, 
and perhaps also the substrate, due to a high operational temperature (not measured in the 
present study) [ChiPR05, HuaPR04, WeiNL07]. Figure 6.19 (d) shows residual CNTs in what 
may be a ‘burnt’ state [WanAP02].  
 
 
Figure 6.19: SEM images showing different modes of failure of CNT emitter bundles on the sample 
10#: (a,b) overview of the deformed regions, (c) a CNT bundle reduced in height, (d,e) catastrophic 
failure of the CNT bundles due to arcing [Images taken by Ms. D. Wenger]. 
 
The TEM images shown in Figure 6.20 further illustrate the degree of deformation of 
individual nanotubes within a bundle. Figure 6.20 (a-c) shows the structure of the as-grown 
CNTs, while (d-f) shows the deformed structure after degradation measurements on sample 
10#. The as-grown CNTs are quite well-structured, with a little concentration of amorphous 
carbon on the sidewalls. The cap at the tip of an as-grown CNT can be seen in Figure 6.20 (b). 
Evidence for at least three modes of deformation was illustrated in the Figure 6.20 (d-f) after 
the degradation measurements were concluded. Figure 6.20 (d) shows that the inner walls 
of the CNTs are detached, probably due to the tensile stresses acting on the CNTs as a result 
of a high electric field. A thin layer of amorphous carbon is also seen along the outer walls. 
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Figure 6.20 (e) reveals a tip of the CNT showing severe deformation, which was most likely 
lost due to carbon evaporation. It can also be noticed that the walls of the CNT are collapsed 
or turned into amorphous entities, which was also observed by Baik et al [BaiAP10]. In 
another scenario, the side walls of the CNTs were deformed as shown in Figure 6.20 (f), 
probably confirming the explanation given in Section 6.5.1 for the phenomenon (that 
sidewalls may be contributing to emission) occurring during stage 3 of long-term stability 
measurements. This confirms that the overall field emission from CNTs occurred both from 
the tips as well as the side walls. 
 
 
Figure 6.20: TEM images showing (a-c) as-grown CNTs and (d-f) structurally deformed CNTs after 
degradation measurements on sample 10#. 
 
It is worthwhile to reiterate here that the damage imposed by field emission on 
different CNTs or CNT bundles on the same substrate is different from one another, as is 
evident from distinct morphological characteristics shown in Figure 6.20 (d-e). Thus, Raman 
spectra recorded collectively from a large array of such bundles would not account for these 
differences, and could be misleading. However, an averaged number for the degree of 
graphitization may be deduced for the sake of comparison with the as-grown sample. Figure 
6.21 shows the Raman spectra of the CNT emitters on sample 10#, both before and after the 
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degradation measurements. The intensity ratio of the disordered peak (D-peak ~1350 cm-1) 
to the graphitic peak (G-peak ~1580 cm-1) has increased from 0.94 for the as-grown CNTs to 
2.40 for the deformed CNTs. Another parameter of interest, full width at half maximum 
(FWHM), of the G-band is 46 cm-1 for the as-grown CNTs and 63 cm-1 after degradation. Both 
these quantities suggest an overall loss of crystallinity and increase in disordered amorphous 
phase in the CNTs after degradation measurements.  
 
 
Figure 6.21: A comparison of Raman spectra of CNTs on sample 10#, before and after degradation. 
 
 In light of the present work, it may be summed up that the sample 10# showed 
excellent field emission characteristics in terms of a high emission current density and long-
term stable emission under pulsed operation mode.  
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Chapter 7 
 
Summary and Outlook 
 
 
Summary 
The main objective of this thesis work was to perform growth of thin (8-12 nm) multiwalled 
CNTs on a variety of substrates by CVD and to study the field emission behaviour of these 
large-area CNT emitters in terms of their maximum emission current density and duration of 
long-term emission under pulsed operation mode, while also evaluating the field emission-
induced degradation mechanisms of the best of the samples. A summary of the main 
findings is listed below: 
(a) The influence of various supported catalysts (Fe/Al2O3, Co/Al2O3, Ni/Al2O3, Fe/MnO, 
Co/MnO, Ni/MnO) on the growth morphology of CNTs was evaluated based on 
thermodynamic calculations of the reduction reactions involving the catalyst precursors. 
- The formation of equilibrium between oxide and metal phases of the active catalyst species 
formed the basis for a fine size and size distribution of catalyst nanoparticles, aiding in a 
vertically aligned growth of CNTs by thermal CVD. The activity of a new supported catalyst, 
Co/MnO has been explained based on this theory. Such thermodynamic calculations can be 
used in future for theoretically evaluating the activities of different supported catalysts. 
(b) Growth and field emission characteristics of CNTs on stainless steel (EPS) have been 
studied in detail. 
- Thermal CVD on a drop-coated (with an ethanol solution of 0.1M Fe(NO3)3 and 0.1M 
Al(NO3)3) resulted in the growth of thin, entangled CNTs of a high surface density. The 
notable emission characteristics are 
Jmax: 96 mA cm-2 | ETh: ~5 V µm-1 | β: ~2000 | long-term stable emission: 10 mA for > 96 h 
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(c) Entangled CNTs grown on copper and molybdenum substrates exhibited inferior field 
emission characteristics (Jmax) compared to that on stainless steel. CNTs on copper however 
showed the lowest threshold electric field, as a result of a good electrical conductivity of the 
substrate. 
ETh, copper: ~2 V µm-1 
(d) Silicon substrate: Surface density of entangled CNTs showed a huge influence on the 
emission current density. A lower surface density (among those tried in the present study) of 
CNTs resulted in higher emission current densities. 
Jmax, sparsely distributed CNTs: 330 mA cm-2 | Jmax, densely distributed CNTs: 85 mA cm-2 
Jmax, densely distributed CNTs on both EPS and Si are in the same range: 80-96 mA cm-2 
(e) Silicon substrates: Length of uniformly grown vertically aligned CNTs showed a great 
influence on the emission current density. A CNT carpet height of 10 µm (among others: 20 
µm, 50 µm, 100 µm) exhibited the highest emission current density. 
Jmax, 10µm VACNTs: 80 mA cm-2 
Jmax of densely distributed entangled CNTs on EPS/Si and uniformly grown VACNTs (L: 10 
µm) on Si are in the same range: 80-96 mA cm-2 
The fact that Jmax of densely grown entangled CNTs on both stainless steel and Si, as well as 
uniformly grown VACNTs (L=10 µm) on Si, are all in the same range further emphasizes the 
significant role played by surface density of CNTs, rather than the substrate/alignment (or 
misalignment), on the emission current density. 
(f) Silicon substrates: Patterned VACNTs (of height ~10 µm; diameter of individual CNTs ~10 
nm) were grown in the form of bundles with lateral dimensions 100×100 µm2, 50×50 µm2, 
10×10 µm2, 5×5 µm2 with an interspacing of 20 µm on four different substrates. Among all, 
the sample composed of 10×10 µm2 bundles exhibited superior emission characteristics as 
listed below: 
Jmax: 4.38 A cm-2 (ETh: ~8.05 V µm-1) (before conditioning) and 5.74 A cm-2 (ETh: ~7.26 V µm-1) 
(after conditioning)  |  long-term stable emission: 40 mA for ~730 h at 10% duty cycle. 
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(g) It was shown that the hypothesis from literature ‘thinner bundles exhibit larger emission 
current densities’ would not hold true for large-area CNT emitters because 
(i) As the bundle diameter decreases, field shielding within the bundle increases. 
(ii) The number of prominent tips on the summits of CNT bundles also has a positive 
contribution on the overall emission current. 
(iii) The overall emission current from a large-area CNT emitter probably exhibits a 
Gaussian-like relationship with the area ratio (ACNTs/Asubstrate). Hence, the area ratio is 
a better measuring factor compared to the mere spacing between the bundles. In the 
present study, an area ratio of 1×10-3 showed supposedly the best emission 
behaviour. 
(h) The patterned sample with the best performance (VACNT bundles of lateral dimensions 
10×10 µm2) showed the first sign of emission degradation after around 19 h of cumulative 
emission of 40 mA current at 10% duty cycle and 50 ms pulse-on time. SEM analysis of the 
emitted area revealed a reduction in the height of CNTs, as well as burnt and uprooted CNTs 
as a result of arcing. TEM investigations revealed that the cap of the CNT emitter tips 
disappeared and both the inner- and outer walls were damaged during field emission, 
suggesting a simultaneous emission from the side-walls of the CNTs, along with the tips. 
 
Outlook 
Although the field emission characteristics of CNTs are promising, the theoretical values of 
emission parameters are hardly met in reality owing to several issues like the quality of 
CNTs, statistical spread of the geometrical features of CNTs, limitations of the substrate in 
terms of electrical/thermal conductivity, adhesion and so on. These concerns pose many 
challenges that have to be overcome in order to improve the field emission characteristics of 
CNTs. A few ideas to begin with are listed below. 
(a) Simulations: A better understanding of the effect of area ratio (area of the CNTs/area of 
the substrate) on the field emission characteristics should be attained with the aid of 
simulations. Calculation of the optimum area ratio helps in a dramatic improvement in the 
field emission performance of large-area CNT emitters.  
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(b) Substrate material: The ideal substrate for the growth of CNT emitters is still debatable. 
Other carbon-based substrates such as graphite or few-layer graphene papers should be 
investigated as they further reduce the contact resistance. Further, a thermal sink has to be 
added to the Si substrates probably as a thin layer in order to relieve thermal stresses and 
improve the life of the emitters. Copper appears to be a competitive material and should be 
investigated further. 
(c) Substrate design: Growth of VACNTs directly on certain metallic-based materials is always 
advantageous in terms of good electrical and thermal conductivities of the substrate. 
Metallic meshes could be designed specifically to minimise the field shielding effect. A mesh-
like design offers a calculated gap between the bundles of CNTs, thus minimising the 
shielding effects. Such a substrate would eliminate the laborious lithographic techniques and 
also reduces the cost of production and increases productivity. An example of a stainless 
steel mesh used for the growth of VACNTs as a part of preliminary investigation is show in 
Figure 7.1. Figure 7.2 shows a schematic of substrate design that could minimise field 
shielding more efficiently than the mesh presented in Figure 7.1. 
 
 
Figure 7.1: (a) Stainless steel grids comprising holes of 100 µm diameter, (b) VACNTs of height about 
30 µm, grown by PECVD on drop-coated stainless steel grids. 
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Figure 7.2: (a) Schematic of substrates made of metallic grids of desired dimensions, (b) a model of 
VACNT arrays grown on the flat areas of the grid simulating a patterned growth on silicon substrates. 
 
(d) Improving the field enhancement factor (β): In order to further increase the field 
enhancement factor at the summits of the VACNT arrays, the summits may be ‘sharpened’ 
with an Ar+H2 plasma immediately after the growth of CNTs, through a process called 
plasma etching [HazAC09]. Figure 7.3 shows a mild sharpening of the tips of a uniformly 
grown array of VACNTs. However, an aggregate of amorphous carbon is visible at the tips, 
which was probably a result of a too high plasma power. The etching conditions need to be 
optimized in order to obtain a fine, sharpened structure. 
 
 
Figure 7.3: A mild sharpening of the VACNT tips grown uniformly on a silicon substrate. Plasma 
etching conditions: DC plasma current: 300 mA; pressure: 4 mbar; ambient gases: Ar+H2; duration: 2 
hours. 
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